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SUMMARY
Tritium has been used as an isotopic tracer to study 
the mechanisms of several reactions in which a variety of 
catalysts play a prominent role. The first chapter of 
this thesis deals with the mechanism of labelling by homo­
geneous metal catalysts with particular regard to the 
tetrachloroplatinate(II) ion and other Group VIII transition 
metal chloro complexes. A disagreement in the literature 
concerning the mechanism is clarified. The catalytic prop­
erties of some Lewis acid halides are studied in Chapter 2. 
These are particularly effective for hydrogen isotope 
exchange in aromatic compounds. The use of tritium gas 
in the production of tritiated compounds is reviewed in 
Chapter 3« Also described here is the design and operation 
of a manifold to handle multicurie quantities of-tritium 
gas. Chapter 4 is concerned with non-specificity of 
labelling in tritiated folic acid and methotrexate. Use 
of tritium nmr spectroscopy has resolved some anomalous 
chemical degradation results. The final chapter contains 
a discussion of the mechanism whereby upon reduction of a 
terminal double bond with tritium gas and a heterogeneous 
metal catalyst a substantial proportion of label becomes 
attached to the resulting terminal methyl group. Analysis 
of multiple labelling patterns in [ H]dihydroalprenoiol by 
tritium nmr shows that alkene exchange precedes hydrogen­
ation, resulting in unsymmetrical labelling.
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2ABOUT ISOTOPES AND CATALYSTS
Isotopes have played a very important role in shaping 
the quality of life over the past fifty years* The 
popular media constantly remind us of the presence of 
science and technology in our everyday lives but few of 
us realise the great contribution made by the widespread 
use of isotopes in many research programmes. From medicines 
to luminous watch dials, it would be difficult to find 
someone, somewhere, who has not been affected.
Broadly speaking, isotopes can be divided into two 
classes, stable and radioactive isotopes. The stable 
isotopes ^H, ^C, and *^0 can be detected and
measured by a variety of spectroscopic methods. Nmr 
spectroscopy and mass spectrometry are the most important 
although gas-liquid chromatography and infra-red spectroscopy 
are also used. For many applications, stable isotopes 
are usually incorporated into a compound at close to 100% 
isotopic enrichment.
On the other hand, radioisotopes have been more 
widely used, partly because they can be detected at tracer 
levels by such techniques as liquid scintillation counting. 
Consequently, isotope incorporations can be much lower 
than for their stable counterparts. Organic chemistry 
and biological research have benefited greatly from radio­
isotope studies of reaction mechanisms- Most research 
establishments of any size are now licensed to use radio-
3l4isotopes, the most popular being tritium and C
Tritium and deuterium are the cheapest isotopes of 
their kind and as such, they are particularly attractive 
to research workers on tight budgets. Much has been 
written on tritium and deuterium but a newcomer to the 
subject would be set on the right path by studying the
1 2
respective standard reference works of Evans and Thomas .
Both isotopes are not only tracers for hydrogen but also 
labels for a carbon skeleton. In the latter case, they 
simply replace suitable hydrogens in an organic or bio­
logical compound. Tritium has many advantages over other
: 14 .
useful radioisotopes, especially its close rival C (Table l)
Table 1. Properties of some radioisotopes in common use.
Maximum energy Maximum
Isotope Half-life of (3-particles specific activity
(KeV) (Ci matom“l)
A high maximum specific activity and a half-life that is 
sufficiently long as not to introduce experimental difficultie 
and yet sufficientlt short so as not to cause storage 
problems are the most useful properties. Problems encountered
87-4 dys
5
3x 10 yrs
5730 yrs
12.35 yrs
709
155
167
18
14 488
29
0.001 2
0.062
32p l4.3 dys 1 710 9 120
25 - 2 dys 250 5 200
4by exposure of personnel to radiation are minimised with 
tritium. Th energy of the tritium (3-particles being 
low, the penetrating range in air is consequently only 
about 6mm. The isotope is taken up by the body as tritiated 
water and as such has an average biological half-life of 
12 days.
The preparation of labelled compounds often provides 
a challenge to the skill of the organic chemist. Isotopes 
of carbon, oxygen, nitrogen and sulphur are necessarily 
incorporated into the framework of a compound by a series 
of synthetic reactions. This works well for small molecules 
but the difficulty of the task increases as the molecular 
structure becomes more complex. Hydrogen isotopes, 
however, may be incoporated into the parent compound by 
simple isotope exchange procedures according to the reaction
catalyst
RH + HTO (T )  ■  .■ ■ RT + H 0 (HT).
u  ^
For maximum isotopic incorporations, though, direct chemical 
synthesis by either reduction of unsaturated bonds or 
dehalogenation is usually preferred if possible. Isotopic 
raw material may be either gas (T^, ^2  ^ or water (HTO, D^O) 
and experimental details given for one isotope may, in 
general, be applied to the other.
Metal catalysts, both homogeneous and heterogeneous, 
provide the most versatile methods for introducing tritium
5and deuterium labels. Four types of labelling pattern
1can be obtained ; specific, uniform, general and nominal. 
Specific labelling indicates that the label is located 
at specified sites within a molecule and such a pattern is 
usually arrived at by direct chemical synthesis. If the 
labelled atoms are spread evenly throughout the molecule, 
the labelling is said to be uniform (U). However, this 
is seldom achieved with tritium where general (G) labelling 
is the rule. Metal-catalysed exchange reactions usually 
result in general labelling, the isotope being confined 
to different parts of the molecule in varying amounts.
Nominal (n) labelling is mentioned in conjunction with 
specific labelling where the label may be present in positions 
other than those specified. Unknown non-specific labelling, 
produced as a result of catalyst-substrate interactions 
during a direct chemical reduction, usually requires the 
statement that label is nominally at the specified positions- 
With the advent of tritium nmr, though, use of the nominal 
symbol is steadily declining.
Exchange catalysts are subject to various orientation
effects and as such they can be used to introduce specific
labels. For example, Raney nickel catalysed exchange of
toluene or n-butylbenzene and tritiated water results in
label that is wholly confined to the methyl group or a-CH^
o
position respectively . On the other hand, ethylaluminium 
dichloride catalyst gives almost uniform labelling in the 
aromatic ring of bromobenzene whereas boron tribromide is
6specific for the ortho and para positions of this compound -
The hydrogen isotope exchange reaction of organic compounds
can thus provide detailed information on catalyst-substrate 
interactions that lead to a better understanding of mech­
anisms of catalysis. Indeed, much of the work on the
relationship between homogeneous and heterogeneous metal
■
catalysis has been performed with hydrogen isotopes. In 
heterogeneous catalysis the reaction takes place upon a 
metal surface whereas homogeneous catalysis is concerned 
with reaction at a single metal atom.
Most of the work described in this thesis is concerned
with tritium. Consequently, two techniques, liquid 
scintillation counting and tritium nmr spectroscopy are 
extensively used. It seems appropriate, therefore, to 
provide brief reviews of these methods at this stage.
LIQUID SCINTILLATION COUNTING1’6
The nuclear disintegration of tritium,
3H — . > 3He + B", x;:
can be detected if the energy of the ejected B-particle is 
transformed into a photon so that the latter can be 
observed by a photomultiplier. The energy conversion is 
known as scintillation and operates in the following way.
The tritium 0-energy is first transferred to a liquid 
scintillant solvent where it may appear as energy of 
ionisation, dissociation or excitation of the solvent
7molecules. The solvent excitation energy is then trans­
ferred to molecules of a fluorescent solute. Upon returning 
to the ground state, the fluorescent compound emits quanta 
of light in the visible or near ultra-violet region. The 
efficiency of the scintillation process is quite inefficient, 
only about 3% of the energy from the (3-particle eventually 
appears as light.
The SI unit of radioactivity is the becquerel (Bq)
which is equal to one nuclear disintegration per seconds
Use of the curie unit (Ci), though, is more widespread
but will eventually be replaced by the becquerel. A curie
10
is equivalent to 3*7 x 10 becquerels. The counting or 
measurement efficiency is defined as the ratio of the 
observed number of counts to the number of disintegrations 
occurring in the sample:
E (efficiencv) = CFM (observed counts per min. )
DPM (disintegrations per min.)'
Under normal conditions, the efficiency is affected by 
quenching which reduces the count rate being recorded for 
the sample. Chemical quenching occurs by transfer of 
energy from solvent to non-fluorescent solute molecules- 
The absorption of the light at visible wavelengths by 
coloured solutes also reduces the count rate, and is known 
as colour quenching. In order to determine the absolute 
activity of a sample, it is necessary to know the counting 
efficiency.
8In many commercial liquid scintillation counters 
counting efficiency can be determined by the external 
standard method. In its simplest form, a Y-source is 
automatically positioned near the sample vial after a 
sample has been counted. This generates a spectrum of 
Compton electrons within the sample vial which behave as 
3-particles in solution. Quenching in the sample results 
in a proportionate quenching of the Compton electrons.
The counts due to the external standard are thus related 
to the counting efficiency. By using a series of samples 
of known activity with various quenching factors, a 
calibration curve may be constructed.
TRITIUM NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
Collaboration between the University of Surrey and 
The Radiochemical Centre since 1968 has resulted in the 
development of tritium nuclear magnetic resonance spec­
troscopy which is now the best method for establishing 
labelling patterns in compounds of tritium. Two excellent
7 8reviews are now available ’ and the technique has been
' ' ■ ' 9 .
reported in the popular scientific press . The tritium 
nmr approach is direct and non-destructive and as such
Table 2. Nmr characteristics of hydrogen isotopes.
Resonance
' Natural Nuclear Relative frequency (MHz)
so ope Abidance (%) spin Sensitivity at 2.11 Tesla
*H 99-9 i 1.00 90
Q —
H 0.015 1 1.45x10 13.8
3H CIO"16 i 1.21 96
9has advantages over conventional chemical degradation 
techniques- Tritium is ideal for detection by nmr (Table 2 ), 
the resonance frequency being higher than for other nuclei 
and the sensitivity to detection higher even than for the 
proton. Tritium and proton chemical shifts are virtually 
identical, the frequencies being related by the ratio of 
the Larmor frequencies of the two nuclei,
a)T/wH = 1.066639738 (± 2 x lCT9 ).
Tritium coupling constants are predictable from proton 
values through the expression
JT T = JH T x !-°666 = JT T x 1.06662.
Hence the wealth of data that has been accumulated for 
proton nmr can be directly applied to the interpretation 
of tritium spectra.
At Surrey, tritium spectra are obtained on a Bruker 
WH90 Fourier transform spectrometer operating at 96 MHz, 
usually with broad-band proton decoupling. The tritium 
spectrum then shows a single line from each chemically 
distinct triton but multiply labelled compounds may exhibit 
triton-triton spin coupling. Integration of the spectrum 
is straightforward (as for proton nmr) so that relative 
isotope incorporations can be easily obtained.
10
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INTRODUCTION
Recent increases in the cost of petrochemical
feedstocks have led to a reappraisal of many industrial
2,90
catalytic processes. Heterogeneous catalysts are
mainly employed here but these can have many disadvantages
over their homogeneous counterparts. Higher temperatures
and pressures are usually required and this, coupled with
catalyst poisoning and need for regeneration combine to
give a relatively inefficient use of energy. In contrast,
homogeneous catalysts can operate under milder conditions
thereby reducing unwanted side reactions and catalyst
regeneration is unecessary, It is not surprising,
therefore, that a great deal of research on homogeneous
catalytic activation of C-H bonds has been undertaken in
recent years and a number of excellent reviews have been 
3-9
published.
The first report of C-H bond activation by a homogeneous
transition metal complex came in 1967 from Garnett and
Hodges. ^  They showed that the tetrachloroplatinate(II) 
2 -ion, PtCl^ , was an effective catalyst for hydrogen-
deuterium exchange of aromatic compounds in a D^O-CH^COOD
12solvent. Soon after, Shilov and co-workers showed that 
this catalyst system could be used for hydrogen isotope
13-15
exchange of alkanes. Subsequent work by Garnett,
l6 17Shilov, and Robinson has shown that many other Group
VIII complexes catalyse similar exchanges. Although most
2 -
research efforts have been concentrated on the PtCl^ 
catalyst, the mechanism of the exchange reaction still
13
defies complete elucidation, even though many trends 
have been observed,
THE REACTION MIXTURE
A number of mixtures have been used but the one that 
is most frequently used is 50 mole % CH^COOD in D^O,
l8this being the optimum mixture for.deuteriation of pentane 
3and benzene. Acetic acid is required to give a homogeneous
solution of the organic substrate and inorganic catalyst.
2 -The PtCl^ catalyst is prone to disproportionation at the
l8temperatures used (80-120 C) according to the equation (1).
2PtIICl^2~ 1 -> Pt° + PtIVCl62“ + 2C1" (1)
A mineral acid, such as deuteriated hydrochloric or perchloric
acid, is added to prevent this. Aromatic hydrocarbons also
stabilise the catalyst: benzene and pyrene are particularly
effective. The precipitated platinum(0) and the result-
3 19ing platinum(XV) have been shown ’ to be non-active 
towards exchange in this catalyst system. The disprop-
kortionation is also inhibited by oxygen gas so reaction 
vials are sealed without evacuation prior to placing in 
a thermostat bath.
A typical reaction mixture consists of 0.02M K^PtCl^, 
0.2M 0010^,0.3^ organic substrate and 0.05M pyrene in 
50 mole % CHoC00D in D O  heated at 80 - 120°C for 2 to 
l(t0 hours.
14
Similar conditions are employed for other Group VIII 
complexes. However, mineral acid stabilisation is not 
required and the exchange is carried out at higher 
temperatures (130 - 200°C) to compensate for the slower 
rates.
THE PLATINUM(II) CATALYST
Platinum must be in the +2 oxidation state to catalyse
exchange but the choice of ligand is also very important.
Tetrabromoplatinate(II) exchange is slower than the
20
chloro complex, the tetraiodoplatinate(II) being even
-  21slower. Highly polarisable ligands such as CN and
kPPh^ inhibit the exchange almost completely. In contrast,
complexes such as PtCl^S and PtCl^S^ where S is a solvent
2 - 2 2ligand, are more active than PtCl^ . This pattern of
ligand inhibition, i.e., CN >phosphines> I" > B r ”>  Cl”>
5 23H^O . is the same as the order of decreasing trans influence,
This is the effect of a coordinated ligand on the rate 
of substitution of a ligand trans to itself in a square 
planar or octahedral complex. So, the less polarisable 
ligands which least perturb the electron density else­
where in the complex are best suited here.
This is very important since the platinum-substrate
bond must be strong enough to facilitate exchange but
not too strong otherwise a stable complex will result.
Platinum-carbon bonds are stabilised by polarisable 
24ligands and so it is possible that relatively non-
15
polarisable ligands are required on the catalyst to yield 
products,
A fundamental step in the proposed mechanism (see 
later) is oxidative addition of a hydrocarbon to platinum(II) 
to give an alkyl/aryl hydrido intermediate involving a 
platinum oxidation state of +k. In this way, the metal 
centre attains the stable rare gas configuration of 
18 electrons in its valency shell and subsequent reductive 
elimination of substrate will give platinum(II) with l6 
valence electrons. Since the reaction mechanism is 
probably similar in this respect to many other homogen­
eously catalysed reactions involving coordinatively
25unsaturated complexes, the promotion energy of platinum(IX) 
to platinum(IV) must not be too great. Weakly ^ polarisable 
ligands remove little electron density from the metal,
26thus facilitating the promotion to coordinative saturation.
Solvolysis of the tetrachloroplatinate(II) complex is 
27
known to occur, the exchange reaction being inversely
l 8 2 1proportional to chloride ion concentration. ’ Although
this is not the only interpretation of this observation,
l8Hodges and coworkers conclude that the most predominant
catalytic species is PtCl^S^ (S is D^O or CH^COOD). This
22was illustrated by other experiments where platinum
1 3 -  0 3-complexes of average composition PtCl ’ and PtCl *
j • j *- * J
used as the catalyst gave exchange rates, respectively,
2_
1 to 2,5 and 1,5 to 3.5 times those of PtCl^ . In addition,
16
2 -PtCl^'.OAc. is also considerably more reactive than the
18 5tetrachloro complex. Shilov has shown that the
-  2 -relative rate constants for PtCl^S^, PtCl^S and PtCl^ 
catalysed exchange of cyclohexane at 100°C are 100, 14 and 
0,6 respectively.
There is some evidence that dimeric complexes may be 
catalytically significant in these reactions. These 
can be formed, for example, by equilibria (2) and (3).
2PtCl S“ ~  ^ (PtCl2S)2 + 2C1” (2)
2PtCl2S2 (PtCl2S)2 + 2S (3)
These equilibria are suggested in the kinetic results of 
l8Hodges et al. Weakly polarisable ligands such~as chloro
are well known to form bridges in many complexes and, in
fact, dimerisation of tetrabromoplatinate(II) occurs to
28 29a small extent in aqueous perchloric acid. Masters 
has obtained a platinum iridium hydrido complex (I) with
PPr3
H
H
H Cl
Ir Pt (I)
Cl PPr3
PPr,
a hydrido bridge. This led to the suggestion that dimeric 
platinum complexes (II) and (III) could bring about facile
17
S
s al’ " <-
H
(II) (III)
hydride transfer, oxidative addition and exchange of 
hydrogen for deuterium of the solvent taking place at 
different platinum atoms. This is quite an attractive 
proposition as comparison with heterogeneous exchange 
will show later.
undertaken on the exchange reaction; the more important 
will be considered here and respective merits and 
disadvantages will be compared. These mechanisms have 
been evaluated with respect to.arene C-H exchange but it
way (see later). It should also be mentioned that the
schemes presented here have been modified slightly so
that the active catalyst is PtCl^S^ and solvent ligands
have been added where necessary to preserve coordinative
saturation. Since chloride has a greater trans influence
23than the aquo ligand the catalyst is drawn in the cis 
configuration in the mechanisms presented here.
THE REACTION MECHANISM
Several mechanisms have evolved from the studies
should be bourne in mind that alkanes react in a similar
In kinetic studies, the exchange rate is found to be 
proportional to catalyst concentration and inversely
18
proportional to the concentration of chloride ion. The 
dependence on acid concentration is-, however, a matter of 
some controversy as will be explained later.
3
Garnett has put forward two general mechanisms that 
involve the formation of TT-complex intermediates. The 
associative TT-complex mechanism involves the initial rate- 
limiting formation of a TT-complex, followed by electrophilic
attack of a solvated deuteron (D+) on this complex with the
ci
Cl-
ClCl
PtCiiyPt(ii)
Cl-
Cl
Pt(ll)
Cl-
Fig, 1 Garnett's associative TT-complex reaction scheme.
formation of the associative intermediate shown in Fig. 1.
19
r +Loss of H from this intermediate, followed by breaking of 
the TT-bond, gives monodeuteriated benzene.
An important feature of these exchange reactions is 
k
multiple exchange . Instead of stepwise deuteriation, a
number of rapid exchange cycles (round the dotted pathway)
of the Tt-complex before it breaks up will introduce several
deuterium atoms onto the substrate during a single residence
on the catalyst. This is consistent with a non-dependence
3
of the rate on acid concentration, as observed by Garnett .
Stepwise addition may well be expected to be proportional
to acid concentration. Garnett suggests that this mechanism
30is similar to that proposed by Wilkinson for the reversible
reduction (4) of the manganese tricarbonyl cation. The
1 +
Mn
/ l \c c c 
0 0 0
+ H
- H
(k)
Wilkinson mechanism, however, involves nucleophilic attack 
by H , whereas electrophilic attack by H+ is proposed by 
Garnett, This leads one to ponder on the relevance of 
this 1 evidence'.
There are other disadvantages of this mechanism. Sub-
31stituted benzenes show a pronounced ortho deactivation
that can not be explained on the basis of electrophilic
r+ 32aromatic substitution by H Also, because the electronic
20
Pt(ii)
Cl"'"' Cl-"""
Fig, 2 Garnett’s dissociative TT-complex scheme (A).
nature of the substituent does not appear to affect the
rate, as shown in the small difference in reactivity between
3
trifluorotoluene and toluene, Garnett has put forward two 
dissociative TT-complex mechanisms involving a reversible 
tt - o* bond conversion.
The exchange step may involve a reversible electrophilic 
displacement of a proton from a fT-bonded arene (Fig, 2) 
or a reversible rearrangement of the TT-bonded arene complex 
to a six coordinate platinum (IV) hydrido complex (Fig. 3)
21
Fig. 3 Garnettfs dissociative TT-complex scheme (B).
containing 18 valency electrons, with the subsequent exchange 
involving the hydrido ligand. Once again, multiple exchange 
can occur by recycling round the dotted pathway, the rate 
determining step being the initial complexation of substrate.
Such■o* - it conversions are well established in homogeneous 
25catalysis and are illustrated in the first reported
interaction between an arene C-H bond and a soluble transition
33metal complex. Chatt and Davidson showed that the complex 
naphthalenedi-(dmpe)ruthenium(o) (rV) (dmpe = 1,2 bis-
22
dime thy lphosphinoethane) is in tautomeric equilibrium with 
cis-2-naphthylhydridodi-(dmpe)ruthenium(II) (V), the crystal
(IV)
"7
(V)
structure of which, and of the osmium(II) analog, have been 
34
determined . Hydrogen exchange in naphthalene catalysed
by tetrachloroplatinate(II) and other Group VIII chloro
17 '•
complexes has been explained by the formation of such
intermediates,
Naphthalene is eliminated on heating an equilibrium
mixture of (IV) and (V) and the product, ^(dmpe)^, is also
a tautomeric mixture, Crystallographic analysis of one of 
3 5the tautomers indicates activation of an alkyl C-H bond 
by the ruthenium. The dimer (VII) is formed from the
C><) —  C fP P-Ru
H
H
-C. I JP
.p-^T X p 
v _p
)
(VI) (VII)
monomer (VI) by oxidative addition of a ligand methyl group 
to a second ruthenium atom.
23
o c
Gold has studied the kinetics of potassium tetrachloro- 
platinate(II) catalysed tritiation of benzene in water at 
50°C, This tracer technique allows very slow rates of 
reaction to be measured by an initial rate, treatment. Gold 
confirms the general kinetic results of Garnett with one 
important exception. His results are contrary to Garnett1s 
conclusion that the exchange is not acid catalysed. This 
is incompatible with multiple exchange, a well characterised 
aspect of the mechanism, Webster suggests that the 
exchange may be different in Gold’s aqueous solvent system
T
p t d i v
Fig, k Gold’s scheme for H - T exchange in benzene (A) ,
even though the multiple exchange in pentane increases with
24
Pt(IX)
Pt(ii) Pt(ii)
ci"
T " p L r - @
Cl-^t
s s
HCl
Pt(VI)
TCI
Fig, 5 Goldfs alternative scheme for H - T exchange (B),
l8dilution of acetic acid by water. It is unfortunate that 
Goldfs tracer system can not confirm this, since his tritium 
'pool' is heavily diluted. The proposed mechanisms are 
shown in Figs 4 and 5.
In scheme (A), the TT-complex rearranges to a V-complex 
without transfer of hydrogen onto the platinum, this process 
being rate limiting at high acidities. Protonation of this 
intermediate by T + gives a complex with benzene coordinated 
in a quinoid form. This becomes the rate limiting step at
25
low acidities.
Scheme (B) involves a tt - o’ rearrangement with transfer*
of hydrogen to platinum. Subsequent protonation gives a
platinum phenyl dihydride similar to that proposed by Falk 
3 7
and Halpern for hydrogen - deuterium exchange in trans- 
PtHCl(PEt^)g . Here, addition of the components of TCI is 
rate limiting at low acidity and it - d rearrangement at 
high acidity,
Garnett's associative TT-complex mechanism (Fig. 1) is
compatible with Gold’s theories if protonation is the rate
k
limiting step, Webster has compared the mechanisms of
both workers, Garnettfs scheme (B) (Fig. 3) and Gold’s
scheme (B) (Fig, 5) differ in only one respect,  In the
Garnett scheme we have removal of HC1 followed by addition
of DC1 , These two steps are reversed in the Gold mechanism.
l8It should also be noted here that Webster and Hodges’s 
mechanism for alkane exchange is based on Garnett’s 
dissociative TT-complex mechanism (B) (Fig. 3).
o Q
Gold has also studied the tritiation kinetics of 
benzyl alcohol catalysed by potassium tetrachloroplatinate(II). 
This paper seems to have escaped the attention of recent 
reviewers, even though the dependence of the exchange rate 
on hydrogen ion concentration is consistent with multiple 
exchange. However, Gold postulates a protolytic equilibrium 
involving the alcohol group in a benzyl alcohol-PtCl^ complex
26
(pK 3.6), with the basic form (IX) more reactive than its
CH„OH
+ PtCl
(VIII)
CH_0
* PtCl
(IX)
2-
■+ H
conjugate acid (VIII), Either TT-complex can undergo tt - a* 
rearrangement and the exchange is then identical with 
Gold's scheme (A) (Fig, 4), In addition, Gold suggests that 
the ^-bonded complex intermediate (X) arising from (IX)
PtCl
(X)
2- CH,
ClPt'
Cl
(XI)
2-  
+ HC1
could rearrange to form a complex with a five membered 
chelate ring (XI), This, however, is very unlikely since 
exchange would be confined to ortho- positions which have
3
been shown to be hindered. Also, it is difficult to explain 
exchange in the meta- and para- positions in this way 
because of the necessary excessive strain produced by chelate 
ring formation to these sites.
MULTIPLE EXCHANGE
The concepts and treatment of multiple processes
39originally developed by Anderson and Kemball for heterogeneous
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catalysis has been succesfully applied to isotope exchange
o C l8
in homogeneous media. ’ ’ Multiple exchange differs from
stepwise exchange in that more than one hydrogen atom can 
be exchanged during a single residence of the substrate 
on the catalyst. The phenomenon can be observed and 
measured by mass spectrometric analysis of deuterated 
product during the initial stages of an exchange reaction. 
If the reaction is sampled close to equilibrium, multiple 
exchange could be said to occur by successive stepwise 
exchanges.
For a substrate containing n hydrogen atoms, the
percentage replacement by deuterium is given by where
18the function ft is defined:
n
4  = £  iC H ±3
' i=0 1
2
and [ HL] is the percentage of substrate present containing 
i deuterium atoms. For exchange, the variation of ^  with 
time is given by
where is the initial rate of entry of deuterium atoms
into 100 molecules of the undeuterated substrate and
is the calculated equilibrium value. For multiple exchange,
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the total rate of deuteriation expressed by is observed 
to be greater than the rate of disappearence of undeuteriated 
substrate k^, namely,
\  (b - bx>)
100 - b*
where b is the percentage of undeuteriated substrate present 
at time t and bM is the calculated equilibrium value of b.
The multiple exchange parameter, M, is then defined by
The M value has been shown to be as high as 4 for 
3
benzene but for alkanes and simple cycloalkanes^ M  usually 
lies between 1,4 - 1,9^. Harvie and McQuillin^ have 
studied exchange in a series of cycloalkanes, (CH^)^, 
n = 4 - 8, which gave values of M as follows:
n 4 5 6 7 8
M 3.6 1.6 1.4 1.4 1.4
The high value for cyclobutane is explained by the presence 
of C-C bonds of sufficiently high p-character in the 
hydrocarbon that can induce a weak bonding interaction 
with the platinum(II) catalyst. Evidence for this interaction 
comes from the fact that K^PtCl^ in CH^COOH/H^O at l60°C 
will catalyse fragmentation of cis, anti, cis-tetraphenyl—
-db
dt
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cyclobutane (XII) to trans-stilbene (XIII).
Ph
Ph
Ph
Ph
Ph H
H Ph
(XII) (XIII)
l8Hodges et al, suggest that multiple exchange could 
be indicative of an interaction of the substrate with 
both platinum atoms of a chlorine bridged dimer (equilibrium 
2 or 3). Indeed, they observe a reduction in M value 
with an increase in chloride ion concentration which is 
to be expected if the dimer is formed by equilibrium (2 ).
A variation of M value with acetic acid concentration
has been observed for the tetrachloroplatinate(II)
l8catalysed deuteriation of pentane (Fig. 6). The reduction 
of M value occurs with a decrease of the dielectric 
constant of the medium.
A decrease in M value for deuterium exchange of
Alcyclohexane has been observed with an increase in catalyst 
ligand polarizability (Table 1). This is to be expected, 
since ligands of greater trans- effect, like those towards
30
2.5
2.0
0.5
80 100
mol % DOAc
Fig, 6 M value variation with acetic acid for PtCl^ 
catalysed deuteriation of pentane.
2 -
the lower part of the table, should make the coordinated 
substrate more labile, thereby reducing its residence time 
on the catalyst.
Table 1, M value variation with catalyst for deuteriation of
Complex io3 k (1 mol"1 a"1) m eye lohexane.
Ptci2s2
PtCl3S“
PtCl, 2-
2 -Pt(N02)Cl3 
Pt(NH3)Cl3* 
Pt(py)Cl3“ 
Pt ( DMS0) Cl,
Pt(DMSO)(N02)C1
Pt(N02)2Cl22-
Pt(PPh3)2Cl2
Pt(acac)2
Pt(CF3COO)2
7 . 4 2
4 . 9 7
2 .7 8
0 .3 66
0 .7 7 7
0 .0 2 5
0 .0 5 6
O.O83
0 .1 1 5
0 .0 0 7
0 .0 9 4
0 .7 3 2
1 .93
1 .7 4
1 .7 5  
1 .5 2  
1.6 5  
1 . 4 6  
1 .6 0  
1.6 2  
1 . 4 1
1 .34  
1.5 7
1 .34
io
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THE RELATIVE REACTIVITY OF ALKANES AND ARENES
Arene hydrocarbons are, in general, more reactive to
khydrogen isotope exchange than alkanes, This must be
due to the fact that arenes have abundant tt-electrons that
can easily form an initial TT-complex with the catalyst
and this strong interaction is reflected in the high M value
of k for benzene, Alkanes probably form this initial
charge transfer complex through delocalised & molecular
orbitals,
l8 20Webster and coworkers ’ have evaluated the use of 
ionisation potential as a suitable parameter for predicting 
reactivity in the tetrachloroplatinate(II) system. They 
found a linear correlation between the logarithm of the
13
12
11
10
9
8 @23
7
In (rate of disappearence of D0-hydrocarbon) / %hr*^
Fig, 7 Rate of H-D exchange versus ionisation potential of 
various alkanes and a r e n e s A
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exchange rate and the ionisation potential of* straight- 
chain and cycloalkanes as well as simple arenes (Fig. 7). 
They suggest that the reaction mechanism is essentially 
the same for these classes of compounds. Benzene, the least 
reactive arene, is about twice as reactive as the most 
reactive alkane, cyclohexane,
It is necessary to understand precisely what is meant 
by ionisation potential. We are concerned here with the 
first ionisation potential, namely, the energy required to 
remove an electron from the highest occupied molecular 
orbital and this can be determined by photoelectron 
spectroscopy. It is also possible to measure successive 
ionisation potentials by this method.
For the simple arenes and straight-chain alkanes, the
first ionisation potential is associated with an orbital
centred mainly on C-H bonds which can interact with the
catalyst to form an alkyl hydrido intermediate. When
this molecular orbital is concerned with C-C bonds, as it
is in alkanes with quaternary carbons, the correlation
breaks down. However, the rate does correlate with the
energy of an orbital associated with the C-H bonds of these
compounds. Steric effects are also important and these can
upset a correlation with ionisation potential. Littlecott 
5kand McQuillin regard the ionisation potential correlation 
as an index of polarisability of C-H bonds towards electro- 
phil ic insertion. This may be a synchronous process of
33
deuteron insertion and proton acceptance by a suitable 
catalyst species.
Exchange in halogen substituted alkanes has also been
20correlated with ionisation potential. In these compounds, 
the first ionisation potential is associated with halogen 
p electrons or carbon 2p electrons. In fluorocarbons, 
however, the fluorine 2p electrons have higher ionisation 
energies than those in C-H orbitals and so fluorine exerts 
only a minor influence on hydrogen-deuterium exchange. In 
contrast, the p electrons of chlorine, bromine and iodine 
in halogenated hydrocarbons have ionisation energies of 
the same order as alkanes and arenes, Where the halogen p 
electrons ionise at a higher potential than a molecular 
orbital involving the organic moiety, hydrogen-deuterium 
exchange occurs. However, this is not the case where the 
first ionisation potential involves the non-bonding halogen 
p electrons. 1-Chloropropane loses HC1. and the propene 
formed reacts with the catalyst to produce a solution of 
a yellow complex and exchange is completely inhibited.
Cl studies of chloroalkanes show that chloride exchange 
takes place concurrently with hydrogen isotope exchange. 
Linear 1-bromo- and 1-iodoalkanes react with the catalyst 
to produce stoicheiometric amounts of the corresponding 
chloroalkanes with tetrabromoplatinate(II) and tetraiodo- 
platinate(II) respectively. These complexes are of low 
catalytic activity and exchange is again poisoned.
It can be seen in Fig. 7 that alkane reactivity decreases 
in the order primary> secondary > tertiary. Methyl and 
methylene hydrogens in close proximity to a quaternary 
carbon centre are relatively unreactive, as in 2,2-dimethyl- 
butane and 2,2-dimethylpropane, Surprisingly, the most 
reactive alkanes are cyclopentane and cyclohexane, even 
though they contain only methylene groups.
Alkylbenzenes exhibit exchange in both the ring and 
3 31side-chain. ’ Arene and benzylic hydrogens are of the 
same order of reactivity as shown in the distribution of
(15.6)
(27.2) o
(20.2)
(2.9)
(x rv ) (XV)
isotope exchange in toluene (XIV), Strong ortho- deactivation 
in the ring occurs by steric hindrance as shown by comparable 
data for p-xylene (XV).
(20.0)
(19.5)
(45.8)
(10.5) 
(4.3) 
(7.6)
(46.5)
(XVI) (XVII)
In longer chain alkylbenzenes, exchange is observed
35
along the chain with preference for terminal methyl and
benzyl hydrogens illustrated by ethylbenzene (XVI) and
31 2
propylbenzene (XVII). ’ Catalysts other than the tetra- 
chloroplatinate(II) ion show different selectivity towards 
exchange in alkylbenzenes. The |3 and y hydrogens in 
n-butylbenzene (XVIII) are virtually unreactive towards
?H3
(1.7)
»2 (0 )
r *
(0)
(5.0)
6
(12.0 )
(XVIII)
(2.8)
(5.0)
(31.0)
(XIX)
15 :rhodium trichloride catalysed exchange. The terminal
methyl group of ethylbenzene (XIX) is less deuteriated
2.3
with a hexachloroiridate(III) catalyst than with 
tetrachloroplatinate(II) labelling (XVI).
The high reactivity of benzylic protons is thought
to be due to a TT-benzylic intermediate (XX) formed ty
■ • ' R
I ■
CH
S
H ^J.
c r  f  "^ c i 
s
(XX)
k
oxidative addition from the initial TT-complex. Exchange
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in the rest of the side-chain probably proceeds independently 
of the arene ring by the normal alkane mechanism with the 
expected preference for terminal (primary) hydrogens.
Evidence to the contrary, however, has been obtained
43 ZfcZj. . .
by Masters. ’ He found that with the tetrachloroplatinateCII)
catalyst, alkenes of the type RC(CH^)2CH=CH2 (R = Et, Pr
or Bu), underwent exchange mainly at C-5• Since the
geminal methyl groups prevented alkene isomerisation, he
concluded that the catalytic intermediate contained a five-
membered ring with the alkene TT-bonded to the platinum (XXI).
H2C
H.
RCH CMeQ
I
Cl Pt
CH
ci ch2
(XXI)
Similar hydrogen - deuterium exchange occurs in long alkyl
45 46
chain phosphine complexes. ’
Cyclic alkyl intermediates are also proposed in a
47
study of alkane activation by Mustafin and Shteinmann.
Mass spectral analysis of alkanes (C^ - Cg) deuteriated by 
tetrachloroplatinate(II) suggests that the reaction involves 
the intermediate formation of alkyl 1,1- (carbene) (XXII), 
1,2- (XXIII), 1,3- (XXIV) and 1,%- (XXV) type hydrocarbon
(XXII) (XXIII) (XXIV) (XXV)
complexes. In the absence of steric effects, the rate 
constant for formation of these species from the singly- 
bonded alkyl platinum precursor decreases along the series
(XXII) > (XXIII) > (XXIV) > (XXV) .
Carbene complexes, such as the intermediate in Fig. 8 ,
21have been proposed by Shilov to account for exchange in
CH„D, CH,Cl
Cl
S
Cl -CH. D, Cl
Ptdi); *Ptdi)ci ci-
0 HCl •CH_D Cl
Pt(rv)‘ Pt(IV)ci ci-
2
ci
2SP t ( i r ) = c f i ,
2D+, 2S Cl
Fig, 8 Methane exchange catalysed by platinum(II) catalyst.
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methane. Solvent ligands have been added where necessary 
to preserve coordinative saturation. Multiple exchange
48can occur through recycling along the dotted path, Schrock 
has recently characterised some tantalum carbene complexes 
similar to that postulated here.
The stepped distribution of deuteriated products in 
alkane exchange as determined by mass spectroscopy led 
Shilov to suggest3 that in, for example, ethane, the 
exchange process takes place first in one methyl group 
and then the other via a platinum-aIkene intermediate (XXVII)
CH
c i ^  ch ch _H+ Cl y i *
Pt ^ 3 — V Pt,
C l ^  *^S ^ ~  Cl'' *N5
+h  ;
(XXVI) (XXVII)
The other carbon then becomes bonded to platinum on returning 
to the alkyl form (XXVI), However, platinum-alkene complexes 
are very stable (c.f, the anion in Zeise’s salt, PtCl^(C^H^) 
and once formed might not be expected to react further,
COMPARISON WITH HETEROGENEOUS CATALYSIS
It is perhaps worthwhile to consider here some hetero­
geneously catalysed hydrogen isotope exchange reactions and
note the similarities to homogeneous systems. Heterogeneous
49exchange mechanisms have been studied since 1933 but 
progress was limited until the development of mass spectros­
copy and nuclear magnetic resonance as analytical tools.
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For exchange in arenes and unsaturated hydrocarbons
3
there is a great deal of support for the initial form­
ation of a Tf-bonded substrate - metal intermediate. However,
50
Moyes and Wells note that TT-arene complexes of transition 
metals are seldom formed by the direct reaction of arenes 
with metal complexes. These syntheses normally involve 
the initial formation of unstable metal-c^-aryl complexes 
which are then converted to the TT-arene products. Nevertheless, 
whether they are formed initially or not, there is little 
doubt that TT-complexation features prominently in exchange 
reactions of the type described here.
Much o f  t h e  w o r k  o n  T T - c o m p l e x  a d s o r p t i o n  h a s  b e e n
3 51carried out by Garnett’s school in Australia, ’ Initial 
TT-complexation is proposed with the plane of the arene 
ring parallel to the catalyst surface (XXVIII), The nature
M M M
(XXVIII)
o f  t h i s  T T ^ - e l e c t r o n  i n t e r a c t i o n  h a s  b e e n  t h e  s u b j e c t  o f  a
50
good deal of contemplation. To the organometallic chemist,
benzene is a six-electron ligand and would occupy three
ligand positions in an octahedral metal complex. Therefore,
i f  t h e  b e n z e n e  i s  T T - b o n d e d  t o  a  s i n g l e  m e t a l  a t o m  t h e n
that metal should have a low coordination number. The
52palladium complex (XXIX) suggests that the active site
40
<^>
L  Pd Pd —  L
(XXIX)
need not be a single atom. Assuming that the Pd-Pd and 
Pd-L bonds are purely single, the palladium atoms attain 
the xenon electronic configuration if each benzene ring 
is formally assumed to contribute three TT-electrons to 
each of the two palladium atoms. This view is consistent 
with the diamagnetic nature of the complex.
Two general mechanisms have been formulated by Garnett 
for exchange in arenes and alkenes. The associative 
TT-complex substitution mechanism (Fig. 9) is similar to a
^  I S> d — *
I T  I
M M
Fig, 9. Associative TT-complex substitution.
radical (deuterium atom) substitution reaction where the 
TT-bonded benzene molecule is attacked by a deuterium atom 
originating from the dissociative adsorption of heavy water 
or deuterium gas. In the dissociative TT-complex mechanism 
(Fig. 10), the TT-bonded arene reacts with a metal radical 
(active site) by a substitution process. The transition 
state for the tt - d bond conversion occurs when the plane 
of the benzene molecule is at 45° to the catalyst surface.
4l
Rotation of the ring is necessary since ’edge on1 TT- 
complex ing is prevented by orbital symmetry and by steric 
hindrance of the arene hydrogens. Multiple exchange can
M
... H
k
M -
H
M
D
M M M
Fig. 10 Dissociative TT-complex mechanism.
occur in both mechanisms if the processes described above 
are repeated several times before desorption. The diss­
ociative mechanism is favoured for alkylbenzene exchange.
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Kemball discussed the heterogeneous catalytic 
exchange of saturated hydrocarbons with deuterium in 1959. 
His mechanisms are similar in many respects to Garnett’s 
for arene exchange. However, he suggests that the initial
CnH2n+2
M M
C H - - H n 2n+l
MM
(XXX) (XXXI)
interaction with the catalyst involves a physically adsorbed 
alkane (XXX) which can become oxidatively chemisorbed (XXXI). 
In the light of present knowledge, it is not difficult to
42
think of intermediate (XXX) as being a charge transfer 
complex, formed through delocalised o,-molecular orbitals
on the alkane
Homogeneously catalysed exchange has been found to be 
remarkably similar in many respects to the corresponding 
heterogeneous processes, Consequently, it has been suggested'*’ 
that homogeneous systems should serve as models for elucid­
ating the mechanisms of a variety of heterogeneously catalysed 
industrial processes. The systems that have been studied 
and compared in hydrogen isotope exchange are homogeneous 
potassium tetrachloroplatinate(II), sodium hexachloro- 
iridate(III) and rhodium trichloride with heterogeneous
o i o 1 r
platinum, iridium and rhodium respectively. Comparison
Heterogeneous Pt
Homogeneous K^PtCl^
(XVI)
(20.0)
(19.5)
(58.5)
(45,8)
(6.5)
(XXXII) (XXXIII)
of homogeneously labelled (by tetrachloroplatinate(II)) 
p-xylene (XV) and ethylbenzene (XVI) with the heterogeneous
43
platinum labelled products, (XXXII) and (XXXIII), shows 
the significance of steric effects for both systems as 
well as the similarity in relative reactivity of alkyl 
and aromatic hydrogens. The rhodium and iridium systems 
show similar patterns of isotope incorporation.
These similarites between heterogeneous and homo­
geneous exchange exist only when water (D^O) is the isotope
87source. A recent paper by Long et al. shows that methylene 
protons preferentially exchange to methyl with deuterium 
gas. The reaction is catalysed by clean films of platinum, 
rhodium and iridium. In all cases, multiple exchange 
occurred. Since the metal surface is very clean, it is 
probable that the exchange involves intermediates chemi- 
sorbed onto neighbouring surface metal atoms. Under such 
conditions, where alkane chemisorption requires C-H bond 
rupture, the relative concentrations of primary, secondary 
and tertiary alkyl intermediates formed initially depends 
on the strengths of the respective C-H bonds. These increase 
in the order tertiary<secondary<primary. Thus hydrogen 
exchange in methyl groups will be slower than for methylene 
and methine groups. In the case of exchange with water, if 
the fraction of the surface covered by D O or its dissociative 
adsorption products (OD, 0) is high, then metal atom sites 
may exist singly, or in groups insufficient in size to 
catalyse reaction typical of the clean metal surface. Here, 
single metal atom sites may exhibit a behaviour similar to 
that of the single metal atom in the tetrachloroplatinate (II)
kk
ion, the mechanism of exchange being similar. Alternatively, 
a given exposed platinum site might be positively polarised 
by chemisorption of D O ,  OD or 0 at a neighbouring site.
This positive polarisation would then stabilise an initial 
charge transfer intermediate such as species (XXX).
Many compounds that are difficult, or even impossible,
to label heterogeneously yield rapidly in homogeneous
conditions. Acetophenone, nitrobenzene, bromobenzene and
naphthalene require very long reaction times when a
10heterogeneous platinum catalyst is used, presumably
because of hydrogen atom scavenging from the surface of
the catalyst, thus preventing isotope exchange with a Pt-D
s p e c i e s  i n  a  T T - c o m p l e x  s u b s t i t u t i o n  m e c h a n i s m ,  o r  b e c a u s e
of a strong adsorption of substrate on the catalyst surface
which inhibits deuteriation by displacement of ^2^* Dnder
the influence of a homogeneous tetrachloroplatinate(II)
catalyst, these compounds are labelled, in a relatively
15short time. Garnett has proposed that nitrobenzene 
exchange (or lack of it) should distinguish between homo­
geneous and heterogeneous processes.
As mentioned before, multiple exchange is observed
both homogeneously and heterogeneously. In heterogeneous
systems, species such as (XXXIV) and (XXXV) have been 
53postulated to account for the phenomenon in the methyl 
groups of alkylbenzenes. Such intermediates, however, 
are not attractive in homogeneous mechanisms, even though
(XXXIV) (XXXV)
l8Hodges has proposed that the substrate could interact 
with the platinum atoms of the dimer (XXXVI), The M values
C H 0 . n 2n
X
S I I
Cl Cl
(XXXVI)
for benzene (4) and cyclobutane (3.6) are inconsistent 
with such an intermediate when one considers that there 
is no evidence in the literature for trimer and tetramer 
complex formation.
If heterogeneous and homogeneous catalytic processes 
are very similar then a modification (XXXVII) of the dimeric
alkyl H
S\  I ^ C 1  | S
Pf ^*Pt 
S 1^  ^ C l ^
(XXXVII)
29alkyl hydrido intermediate (III) proposed by Masters 
could well be an important species in the mechanism,
46
since the established theories of heterogeneous catalysis 
mainly involve at least two adjacent active metal centres.
REACTIONS CATALYSED BY TETRACHLOROPLATINATE(II) ANION
The exchange reaction is remarkably selective, no
hint of isomerisation or side reactions leading to solvent
54addition products having been observed. It was hoped 
that if platinum alkyls are formed, carbocations might be 
generated which could react with the solvent. However, 
even when compounds such as adamantane (XXXVIII) and 
norbornane (XXXIX), which both give stable carbocations,
(XXXVIII) (XXXIX)
are used, only the deuteriated products are produced.
The chlorination of hydrocarbons by hexachloroplatinate(rV)
salts is catalysed by the tetrachloroplatinate(II) anion.
55Benzene gives chlorobenzene as the major product according
to the equation:.56
PtCl 2 -
H2PtC16 + C6H6 CgH Cl + IIC1 + H 2PtCl^
The mechanism proposed for this reaction is very similar
47
to the hydrogen - deuterium exchange reaction put forward 
by Hodges and Garnett (Fig, 3).
Alkanes appear to react initially with platinum(IV)
56 57in an identical manner to benzene, ’ However, the 
yields of chloroalkanes are much lower than expected and 
it is thought that the major products are polychlorinated 
carboxylic acids,
oft
Gold has attributed a similar oxidation of benzyl 
alcohol to benzaldehyde, observed during catalytic tritiation 
of the alcohol, to the presence of platinum(IV) impurities 
in the platinum(II) catalyst.
Hydrocarbon chlorination is a stoichiometric reaction 
and each time a chlorinated molecule is produced a platinum(IV) 
atom is lost. Such a situation is not commercially viable 
and attempts to make the reaction catalytic, by converting 
the resulting platinum(II) back to platinum(IV), have so
4
far been unsuccessful. A very mild oxidising agent will 
be required as the reaction product, platinum(II), is also 
the catalyst for chlorination by platinum(IV). Therefore, 
if the reoxidation is too efficient, no platinum(II) will 
be left in the system and the reaction stops.
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EXPERIMENTAL
PREPARATION OF SPECIFICALLY-LABELLED [ 3H] ETHYLBENZENES 
AND [3H]BENZENE
These were prepared by addition of tritiated water 
to the Grignard reagent formed from the corresponding 
bromo compound. 3-Bromoethylbenzene was the only bromo 
isomer not available commercially and so was obtained by
58reduction of 3-bromoacetophenone in the following manner.
A mixture of 3-bromoacetophenone (25 g), sodium 
hydroxide (15 g), diethylene glycol (250 ml) and hydrazine 
hydrate (20 ml, 62%) was refluxed for 1 hour after which 
excess water and hydrazine were distilled off. The temp­
erature of the mixture was than raised to 170°C and 
refluxing continued for a further 3^ hours. After cooling 
and acidification with dilute HC1 the organic phase was 
extracted thrice with benzene. Distillation of the residue 
under reduced pressure after removal of benzene gave a 
middle fraction boiling at l88-190°C. The yield was l6 g 
and nmr spectroscopy confirmed the identity of the product.
To a solution of bromobenzene or a bromoethylbenzene 
(15 ml) in dry diethyl ether (100 ml) was added magnesium 
turnings (4.5 g)» Formation of Grignard reagent proceeded 
smoothly, with slight warming, after addition of an iodine 
crystal as initiator. After refluxing for 2-4 hours the 
mixture was cooled in ice-water before addition of HTO
49
(50-100 JJ.1, 50 Ci ml *). The primary tritium isotope
59effect of this reaction necessitated a subsequent reflux
of about 2 hours. Addition of distilled water (2-4 ml)
and further refluxing for 1 hour completed the reaction.
Upon cooling, the mixture was poured into dilute H^SO^
(200 ml) and shaken. The organic material was extracted
thrice with ether, the extract being dried over Na^SO^.
Once the surplus ether had been taken off, distillation
of the residue gave a fraction boiling at 134-137°C for
ethylbenzene and 78-8l°C for benzene. Chemical yields
ranged from 1-4 ml and specific activities, determined by
measuring the radioactivity in a known volume of product,
-1were in the order of 5-50 mCi mmol . Tritium nmr spec­
troscopy showed that all the compounds were radiochemically 
pure; the chemical shifts of neat samples, referenced to 
internal TMS, are given in Table 2.
It is interesting to note here that the order of 
chemical shift 3>2>4 for the ring tritons of [ H] ethylbenzene
is as calculated^. However, Odell^*, has reported a
3 88different order for [ H]toluene, namely 3>4>2, but Long
has shown that this order is dependent upon the toluene
concentration. Proton nmr spectra of the bromobenzenes
used as precursors for the specifically-labelled ethylbenzenes
confirmed that the site of label was unambiguous.
PREPARATION OF SPECIFICALLY-LABELLED [3H]ACET0PHEN0NES
Ring-labelled acetophenone was synthesised from the
50
corresponding ring-labelled ethylbenzene using the silver 
ion/persulphate couple in aqueous raedia^.
Silver nitrate solution (4.7 ml, 0. lM) was added to 
a mixture of [H]ethylbenzene (1*8 ml) and ammonium 
persulphate (9 g) in water (40 ml). The reactants were 
heated with vigorous stirring in an oil-bath at 60-70°C 
for 4 hours. After cooling, the organics were extracted 
thrice with ether and dried over NagSO^. Removal of the 
ether left an oil which, when distilled at reduced pressure 
gave ca. 0.5 ml of ring-labelled acetophenone. Specific 
activities were similar to those of [ H] ethylbenzene-and 
tritium nmr provided confirmation of radiochemical purity. 
Table 2 gives chemical shifts for tritons in [ H]acetophenone 
(neat samples). _
[a- ]Acetophenone was prepared by base-catalysed
63hydrogen-tritium exchange . A mixture of acetophenone
—  \
(3 ml) and HTO (5 Ul, 50 Ci ml ) was made homogeneous with 
a few drops of 1,4-dioxan. Sodium hydroxide (l pellet) 
was added and the mixture left for 4 days. Addition of a 
large excess of water (200 ml) separated the acetophenone 
which was removed and dried with Na^SO^. No further 
purification was necessary and tritium nmr showed that 
the label was introduced wholly into the methyl group.
-1The yield was 2 ml and the specific activity 3 mCi mmol
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3Table 2. H Chemical shifts in tritiated benzene, ethyl-
benzene and acetophenone. (Neat liquids, internal 
TMS).
6 (ppm)
Position Benzene Ethylbenzene Acetophenone
side chain oc 2.47
(3 ; 1.08
ring 2
3
" J
7.06 7-94
K  7.20 7.15 7-37
7.03 7.50
KINETIC MEASUREMENTS
Detritiation kinetics were measured using the method
of initial-rates. Since the tritiated substrate was always
'■ —6 - 
present at the tracer level (10 M), the reaction
RT + H O  RH + HT0,
follows pseudo-first order kinetics. The observed rate 
constant, k ^ ^ , is given by
- t e  = ^ i a  = kobsCX]f (1)
where [X] is a measure of the radioactivity of the tritiated 
substrate RT.
Integrating (l) gives
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ln[XQ]
= k , t s (2)
where [Xq] and [X^ .] represent the radioactivity of* RT 
at time t = 0 and t, respectively.
From equation (2),
[X ] CC a and [X ] CC (a -a.)O GO t GD "t
where a^ and a ^  represent the radioactivity of solvent 
(water) at time t and infinite time respectively.
Rearranging equation (2 ) gives
In
1 -
GO
= k _ t  obs (3)
If a small fraction of the reaction is followed, 
equation (3) reduces to
  = k _ ta obsGO
(4)
A plot of a^ against t gives a straight line of slope
k , a from which k , can be calculated. The reactions obs go obs
here have been followed to about 5% completion, although 
in some cases a linear plot was still obtained up to 10%.
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Since the initial-rate method is especially sensitive 
to impurities, it is necessary, at least initially, to 
compare the initial-rate result with that obtained by 
following the detritiation of substrate over 80-90% of 
the reaction; the so-called ’conventional1 method.
Unfortunately, catalyst disproportionation occurred over 
a long period of time since the reactions had a typical 
half-life of 20 hours* The initial-rates were followed 
for around half to one hour generally. Especially slow 
reactions were followed for up to eight hours. No catalyst 
disproportionation was observed during this time interval 
and the data was reproducible to within t5%* However, it 
was still possible to compare the initial-rate and
conventional methods by studying the acid-catalysed
■ ■ ■ 3 ' •
detritiation of [oc- H]acetophenone (Fig. 11) . --
1A - -6 ; 13.0k = 122 x 10 / k = 135 x 10
£
CLU -1 -1 /M 1 s . P c
pm 2v M-l -1 \ M s
" 12 / >  12.8| .
o o
; Co.01 ■ - 12.6
\
8 cy 12. A • \
6 * / 12.2 \
A 12.0 \
A  a = *129000 cpm / \
2 • • • -- I----- •----- 1-- 11.8
0 8 16 2A 32 0 . 30 60 90 120
t I min t / min
INITIAL-RATE (0.10M HCl) CONVENTIONAL (1.00M HCl)
Fig. 11. Comparison of initial-rate and conventional methods 
for following detritiation of [cx-3h ]acetophenone 
in HCl (aq) at 85-0°C.
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Kinetic measurements were made at 85.0°C for aceto­
phenone and ethylbenzene and 75-0°C for benzene. The 
high vapour pressures of benzene and ethylbenzene at these 
temperatures resulted in continual loss of substrate 
during the reaction. This problem was remedied by using 
small glass vials (Fig. 12) to contain portions of the 
reaction solution. These were of ca. 1 ml internal volume
Fig. 12. Reaction vial.
and closed by a Teflon stopcock. The vials were filled to 
the neck at room temperature, leaving a small vapour 
space to allow for solution expansion in the hot oil bath. 
Errors arising from the vapour space were shown to be 
insignificant since the reaction rate only differed by 
3% when the vials were half-filled. A short piece of 
rubber vacuum hose was pushed over the top neck of each 
vial and was clamped to a rack with a terry clip. The 
whole arrangement was then placed in the thermostat bath 
with the oil surrounding the bulb. In this way, the reaction 
in each vial (8-10 were used) was started at the same time. 
Quenching of the reaction on sampling was achieved by
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immersing the bulb in liquid nitrogen for 15^20 seconds. 
Regular cleaning of the vials in Decon 90 ensured 
reproducibility of kinetic results.
Most of the reactions were performed in an aqueous
06 q Q
solvent, following Gold's ’ work. 0 .10M Hydrochloric
acid was the minimum concentration of acid that prevented
catalyst decomposition. Acid-catalysed detritiation of
: 32
the compounds studied can occur but this was unobservable
"3
under these reaction conditions, except for [oc- H]aceto­
phenone . Consequently, an acid-catalysed blank result 
was determined when studying this compound. Subtraction 
of this rate, from the observed rate gave the PtCl^
catalysed rate.
A typical run proceeded in the following way. Catalysts 
were used as purchased (Johnson-Matthey), no further 
purification being required. Tritiated substrate (1-10 111) 
was added to catalyst solution (10-12.5 ml) which was 
then divided into the glass reaction vials. These were 
equilibrated to the required temperature in a thermostatically 
controlled (±0.1°C) oil bath and withdrawn at certain 
time intervals^ An aliquot (0.10 ml) of the quenched 
solution was added to liquid scintillator (2-^ ml NE 250, 
Nuclear Enterprises) contained in a disposable polythene 
counting vial to determine the total radioactive content,
.'a . Organic material was then removed from the remainder 
of the solution by shaking twice with toluene (5 ml). The
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Detritiation of [4-^H]ethylbenzene at 85-0°C. 
[K2PtClZt] = 0 .010M, [HCl] = 0 .10M, l U1 EtPh in 12.5ml soln.
t/min
0
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a^/cpm
2627
2840
3028
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a / cpm
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135500
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111500
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112300
124800
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107300
Mean = 120400 - 8400
Least squares slope
= 50.7 counts per min'
Correlation coefficient 
= 0.993
k , = slope/aobs r ■. CD
= 7.01 x 10“ s'1
10 20 30 40 t
radioactivity of the water layer, a^, was then measured, 
again in NE250 scintillator under identical conditions 
as used for total radioactivity. This ensured that the 
quenching (mainly colour) of both the a^ and a ^  samples 
were the same. Counting was performed on a Beckman LS-lOO 
liquid scintillation counter and results for a typical run 
are tabulated and plotted above. A precipitate slowly
57
formed in the scintillant solution with palladium complexes. 
Although this further reduced the efficiency, counts 
were reproducible after about 5 minutes. It should be
o Q
noted here that no induction period similar to Gold’s 
was observed in this work.
Some of the earlier measurements of acetophenone 
detritiation were made at 85»0°C with the reaction solution 
contained in a glass-stoppered test-tube. Losses of 
substrate into the vapour phase were negligible here since 
rate measurements made with the individual glass vials 
only differed by ±2%.
It was desirable to cover as large a pH range as
possible in determining the dependence of the rate on
the acid concentration. This meant that some other method
2-had to be found to stabilise the PtCl^ catalyst at high 
pHs up to 4.5 (the pH of the solutions did not rise above 
4.5 due to hydrolysis of the catalyst). Lithium chloride 
(l.OOM) effectively suppressed disproportionation and 
perchloric acid was used to vary the acid concentration.
o
Once again, an acid blank was determined for [oc- H]aceto- 
phenone in this solvent. For pH values below 2, acid 
concentrations were calculated by dilution of a stock 
solution of known concentration. Above pH 2, an EIL 
micro combination pH electrode was used with appropriate 
calibration buffers. The pH of the reaction solution was 
measured on a Corning 113 digital pH meter at the temperature
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of the reaction (75_85°C), the solution cooled, substrate 
added and then divided amongst the reaction vials as 
above. The buffers used are given in Table 3, the temp­
erature dependent pH values being derived from published 
details^.
Table 3- Calibration buffer pH values.
Buffer Molarity pH(75°C) pH(85°C)
K tetroxalate 0.098 1.54 1.58
KH phthalate 0.05 4.l4 4.l8
£ ^ 4  o! 025 6 *85 6.87
• ' ' ’ : " ' ' - * ' ' '
extrapolated values
The procedure for conventional kinetic measurement 
was slightly different. Solution (0.10 ml) was removed 
from the quenched vial and injected into a test-tube 
containing water (.10 ml) and liquid scintillator (10 ml,
3.14 g I-* 2,5-diphenyloxazole (PPO) in toluene). After 
shaking, the layers were allowed to separate and most 
of the toluene phase was taken off and dried over Na^SO^.
An aliquot (5 ml) was then counted to determine the 
radioactivity of tritiated substrate.
For kinetic measurements in acetic acid-water media,
2-. the PtCl^ catalyst was first dissolved in water containing 
perchloric acid (to make to 0.20M) and then the required 
amount of glacial acetic acid was added. The resulting 
precipitate of KCIO^ was filtered off. Hodges has observed
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that small amounts of K^PtCl^ are adsorbed onto this 
precipitate, but this was not apparent in these experiments. 
The precipitate was a clean, white colour and kinetics 
were reproducible. The tritiated substrate (20 |ll) was 
dissolved in the solution (10 ml) which was then divided 
into the individual reaction vials. Upon quenching after 
certain time intervals, the reaction mixture was added 
to aqueous sodium hydroxide (10 ml, 2M) to convert the 
acetic acid to purely water-soluble sodium acetate. An 
aliquot (0.10 ml) of this solution was then added to 
liquid scintillator (4 ml, NE250) to determine the total 
radioactivity a^ - Aromatic organic material was then 
extracted by shaking twice with toluene (5 ml) and the 
radioactivity of the remaining water a^ . measured.
The second-order rate constants were calculated from
the measured data using a Texas Instruments SR-51-XI
calculator equipped with a least squares program. By
entering the origin point (0 , 0 ) about 50x, it was possible
to generate a least squares line that had negligible
deviation from the origin. Activation parameters were
calculated from the temperature dependence of the reaction
66rates by using computer program ACTI and the departmental 
computing facilities.
TRITIATION OF ETHYLBENZENE AND ACETOPHENONE
These compounds were labelled by catalytic exchange 
with K^PtCl^ in 30, 50 and 67 mole% acetic acid in water 
solvents containing 0.2M perchloric acid. K^PtCl^ (30 mg)
6o
was dissolved with warming in a calculated amount of* 
perchloric acid solution- Glacial acetic acid was then 
added in the quantity necessary to give the desired 
solvent (total volume 2 ml). Addition of* substrate 
(100 (11; 200 jll in 67 mole°/o acetic acid in water solvent) 
was followed by tritiated water (30 (11, 50 Ci ml *).
The mixture was sealed in a glass vial containing ca.
1 ml of air space (without evacuation) and heated at 
100°C in an oil bath.
After l8 hours the vial was cooled and the contents 
added to sodium hydroxide solution (20 ml, 2H) and substrate 
extracted into benzene (2 x 0.25 nil aliquots) which was 
then distilled off. The residue was dried (Na^SO^5) and 
transferred without further purification to anjimr microcell 
(Wilmad, 100 |ll) after dissolving in deuteriated benzene. 
Chemical yields were typically 40% for ethylbenzene and 
30% for acetophenone. Radiochemical yields ranged from 
0.7 to l8 mCi, the higher yields being obtained in the 
67 mole% acetic acid in water solvent.
6i
RESULTS
The effect which each constituent of the reaction 
medium had on the reaction rate was determined, one parameter 
being changed at a time. Detritiation kinetics were 
measured as a function of catalyst (K^PtCl^ or RuCl^), 
chloride ion and acid concentration, together with temperature. 
Much of the work was done in an aqueous solvent but results 
are also presented for ethylbenzene detritiation in 67 
mole% acetic acid in water. Data for other Group VIII 
metal complexes are presented in the Discussion for conven­
ience.
Table 4. Ethylbenzene detritiation: Dependence of rate
on [K^PtCl^] .
[HCl] = 0.10M, T = 85.0°C 
103 [KgPtClZj] 106 kQbg (s"1)
M ' |3- ■ 2- 3- ■■ 4-
1 0 . 0 5 - 0 2
00«LA 6 . 0 2 7.29
2 0 . 0 11.7 14.4 15.4 l 4.8
3 0 . 0 25-4 1 8 . 8 21.4 20.4
4o. 0 3 1 . 0
CA•CM 2 6 . 6 2 6 . 6
5 0 . 0 37-8 3 6 . 2 3 6 . 0 34.9
106 k 2  (M"1 s"1) 761 671 705 6 8 8
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Table 5- Acetophenone 
on [^PtCl^].
detritiation: Dependence of rate
[HCl] = 0.10M, T = 85.0°C
103 [K2PtCl4] io6 kobs (s’1)
M
*
a- 2- 3- 4-
3-0 0.158 1.48
7-5 2.31
10.0 3-65 0.399 6.03 3.64
20.0 12.3 0.832 12.6 7-64
30.0 21.5 1.50 17-9 11.6
40.0 26.1 2.06 24.2 16.3
50.0 30.9 2.42 28.6 , 22.3
106 k2 (M"1 s_1) 640 49-0 589 4l8
*
corrected for acid-catalysed exchange.
3
Table 6 . [4- H]Acetophenone detritiation: Dependence of
rate on [Cl“].
[K2PtCl4] = 0 .020M, [HCl] = 0.10M, [Cl“] = [HCl] + [LiClJ,
T = 85.0°C.
[C1-] 106 lcobs (s-1)
0.10 7.64
0.12 6.74
0.15 5-97
0.20 4.69
0.30 3-33
0.40 2.37
0.90 0.97
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Table 7- Ethylbenzene detritiation: 
on [H+] .
Dependence of rate
[K2PtCl4] = 0.020M, [LiCl] = 1.00M, [H+] as hcio4 , t = 8 5 .o°c
[3-3h ] C3-3H]
pH 109 kobs s’1 PH 109 k s”1 obs
-0.10 348 -O.36 317
-0.02 357 -0.02 301
0.28 386 0.68 372
0.68 472 0.98 579
1.05 1020 1.23 717
2.32 1520 1.8l 1180
2.90 1450 2.15 1110
4.23 1500 3 - 25 
4.48
1140 
1100
4.68* 1050*
*[K2PtCl^] = 0 .020M, [LiCl] 
i.e., CIO^” salt effect not
= 1.00M, [NaClOZj.] = 1.00M, 
responsible for shape of curve.
Table 8. Acetophenone detritiation: 
on [H+] •
Dependence of rate
[K PtCl^]. = 0 .020M, [LiCl] = 1.00M, [H+] a s HC104 , T = 85-0°C
[oc-3H]*
pH 109 k . sobs -1 pH
[3- 3h]
109 k s'"1 obs
1.50 900 0.68 624
1.68 1470 O.98 570
1.98 i960 1.91 ' 571
2.33 1920 2.41 588
3.17 2130 3.14 1060
3.63 2230 3.35 1120
4.43 1900 3-49 1290
4.53 2110 4.4l 1460
*
corrected for acid-cat. 
detritiation
4.47 1430
6*1
3Table 9« [a- H]Acetophenone detritiation: Dependence of
rate on [H+] only.
T = 85.0°C
CH+] 106 kobs (s_1)
10^ M aqueous, [HCl] varied. LiCl(l.OOM), [HCIO^.] varied,
1.06 1.59
2.11 » CO
5.28 7-56
10.0 11.7
20.0 23.6
30.0 35.1
50.0 60.7
100 114 ■
106 163
10^ k (M
a
1 s'1) 116 149
Table 10. Benzene detritiation: Dependence of rate on [H+].
[K2PtCl4] = 0.020M, [LiCl] = 1.00M, [H+] as HC10. , T = 75•0°C.
pH 109 k . (s-1) ■ obs V :
-0.22 203
0.18 201
0.48 190
1.00 306
1.28 484
1.85 594
2.50 741
3.25 728
4.50 696
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Table 11. Ethylbenzene detritiation: Dependence of rate
on temperature.
[K PtCl^] = 0.020M, [HCl] = 0.10M.
CS-3H] C3-3H]
T (°C) 106 k . (s_1) obs T (°C) 106 k , (s *) obs
52.2 0.481 52.1 0.335
62.1 1.51 62.6 1.33
7 4.5 5.23 76.1 3.87
85-0 15.2 85.0 15-4
93.9 34.2 94.3 19.3
Table 12. Acetophenone detritiation: 
on temperature.
Dependence of rate
[K2PtCl/{] = 0.020M, [HCl] = 0.10M.
[a- 3H ] ’ [<x-3H ] ‘*
1—
1 
rN11_i
T(°C) 106 k (s *) obs T(°C) 10^k _ (s obs 1) T(°C) 1O^k ( s * ) obs
50.0 0.4l8x 50.4 0.466 50.4 0.395
62.2 l.4i 60.8 1.6l 62.6 1.64
74.6 4.33 74.5 6.62 74.5 3-99
85.O 11.7 85.0 12.7 85.0 12.6
94.5 24.4 92.9 31-9 95.5 25.0
*in HCl only; ** corrected for acid catalysed detritiation;
x ref. 67-
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Table 13- Ethylbenzene detritiation: 67 mole% acetic
acid in water solvent.
[PtCl?-] = 0.020M as K.PtCl, 1 „„ „ , m o
4 2 4 L ppt of KC10. removed, T = 85-0 C
TH+1 = 0.20M as HC10, J *[ ]
A cfc L
obs
6 —1 
Position 10 k ' (s )
[B-3H] 2.44
[2-3H] 1.65
C3-3H] 26.6
[4-3H] 19.3
Table l4. Acetophenone detritiation: Dependence of rate
on [RuCl^J.
[HCl] >  0.10M, T = 85-0°C 
[RuC13] 106 kQbs (s'1)
103 M [oc-3H]* [3-3H]
30.0 9-80
40.0 10.8
50.0 15-4 1.60
60.0 17-9
70.0 21.3 3-81
90.0 7-40
110 43-0 11.2
130 17-9
150 60.5 19-6
♦corrected for acid-catalysed detritiation.
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DISCUSSION
DEPENDENCE OF RATE ON CATALYST
A plot of observed rate against K^PtCl^ concentration 
for detritiation of ethylbenzene (Fig. 15) and acetophenone 
(Fig. 16) gives a straight line, the slope being dependent
A limited concentrationupon the position of labelling
range was studied since it was difficult to stabilise
the catalyst at concentrations higher than O.O5M. Under
4 0
[ 2 - JH] o
Fig. 15- Ethylbenzene detritiation catalysed by K PtCl 
at 85.0°C in 0.10M HCl.
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30
o
102 [K2PtCl4] ■
Fig. 16. Acetophenone detritiation catalysed by K^IPtCl 
in 0.1M HCl at 85.0°C. 2
50
1612106 80 2 4
Fig. 17- Acetophenone detritiation catalysed by RuCl 
in 0.10M HCl at 85-0°C. J
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these conditions, the evidence indicates that monomeric
complexes are involved in the exchange. This accords
3
with previous findings of Garnett and Hodges .
A curved plot arises from the detritiation of aceto-
phenone catalysed by ruthenium trichloride (Fig. 17)-
To understand the reasons for this we must look at the
various species that are present in solution. The chloro
complexes of ruthenium(III) are among the best characterised 
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of this metal . A dilute hydrochloric acid solution 
of ruthenium trichloride contains, in addition to the
O j
aquo ion [RuCH^O)^] , chloro species such as cis-RuCl^(H^O)^,
mer-RuCl^(H20 )^, cis- and trans-CRuCl^H^O) + and
2 +  '[RuCl(H„0) ] . Only with very high concentrations of
& D
Cl is [RuClg]^ formed.
If the molarity of the HC1 solvent is fixed, it 
follows that high concentrations of ruthenium will contain 
relatively more of the aquo complexes. From Fig. 17
“•1 -"1it is clear that the second order rate constant . (kg, _M s ) 
increases with increasing ruthenium concentration. Thus 
it would appear that the more solvated the ruthenium,
the greater the catalytic activity. This is consistent
c l8 22
with the findings of Shilov and Hodges and Webster ’
who have shown that the diaquated platinum complex,
PtCl_(H 0) gives faster exchange rates than the mono
& u &
and non-aquated forms.
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DEPENDENCE OF RATE ON CHLORIDE ION CONCENTRATION
2-The effect of chloride ion on PtCl^ catalysed 
3detritiation of [4- H]acetophenone is plotted in Fig. l8 .
At high concentrations of Cl (>0.15M) the rate is prop­
ortional to l/[Cl ], indicating that the rate determining 
step involves loss of a chloride ligand from the platinum(II) 
catalyst. Below 0.15M, the rate starts to level off,
8
6
4
2
0
6 104 820
l/CCl-]
Fig. 18. Dependence of rate on Cl for detritiation of 
[4-3h] acetophenone catalysed by K2PtCl/^ in 
0.10M [H+] at 85.0°C.
suggesting that a different step in the reaction mechanism 
becomes rate-limiting.
2 -
When the PtCl^ anion is dissolved in water, rapid 
hydrolysis (order of seconds) takes place according to 
the equilibrium
K i
PtCljj + H 20 , » PtCl (H20)~ + Cl“.
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Further hydrolysis of the trichloro ion can occur with
PtCl- (H20)~ ■+ H20 =^5g==a» PtCl2 (H20 )2 + Cl
Now, it has already been explained in the Introduction 
that the dichlorodiaquoplatinum(Il) complex is the most
active hydrogen exchange catalyst. At high [Cl~], form­
ation of this species is inhibited and so the rate-limiting 
step is substitution of chloro by aquo ligands. On the
PtCl2 (H20)2 + substrate   PtCl2 (H20 )substrate + H20 ,
becomes rate-limiting at low [Cl..]. Although tlie nature 
of the Pt-substrate bond has been discussed in the Intro­
duction it is worthwhile recapping here. For aromatic 
compounds, a dative TC-bond has been postulated involving 
the aromatic 7r-electrons whereas with aliphatic substrates, 
this bond involves delocalised <t molecular orbitals.
DEPENDENCE OF RATE ON pH
The pH-rate profiles of detritiation of [8-^H] and
o
[3- H]ethylbenzene (Fig. 19) are reminiscent of a pH 
titration curve. The inference is that the mechanism 
probably involves a conjugate acid-base equilibrium, 
pKa 1.1, with the basic form more reactive than the acidic. 
For each of these two forms, the exchange rate is independent
other hand, complexation of substrate by PtCl (HO)
. . . M  M  £
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Fig. 19- Dependence of rate on pH for detritiation of 
ethylbenzene catalysed by PtC1^2- in i. OOM 
LiCl at 85 -0°C.
of acid concentration. Thus protonation or deprotonation 
sequences in the mechanism must be very rapid, a condition 
that is required for the well-characterised phenomenon
3, 5 , 18of multiple exchange in this catalyst system.
■Gold , though, finds that for benzene tritiation in 
aqueous media, the rate is dependent upon the acid concen­
tration (Fig. 20). At low acidities he suggests that 
protonation of a catalytic intermediate is rate limiting. 
This is, of course, incompatible with multiple exchange,
0.5
Fig. 20. Goldfs variation of rate with [H ] for tritiation 
of benzene at 50°C.
1.00
X 0.75
VO
0.50
0.25
-1 0 1 2  3 4 5 pH
Fig. 21. Dependence of rate on pH for detritiation of benzene 
catalysed by PtClz^” in 1M LiCl at 75•0°C.
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although Webster does point out that Gold's solvent
system (water) is different from those where multiple
exchange has been studied (acetic acid-water). To resolve
this anomaly, kinetics of detritiation of [ H]benzene in
aqueous media were studied as a function of pH. The
author's results (Fig. 21) contrast dramatically with
Gold's. Note here that Gold has only four data points
on his curve. Little is to be gained from a discussion
of this discrepancy, though it is significant that the pH-
rate curve for benzene is very similar to that of ethyl-
benzene (Fig. 19). Again, the acid-base equilibrium has
a pK of around 1.1.■ a
A pH-rate dependence resembling those presented here
og
was observed by Gold for tritiation of benzyl alcohol 
(Fig. 22). In the light of the present work, though, it
60
50
20
1 2 3 4 5 6 -loS[HCl]added
Fig. 22. Gold's variation of rate with [H ] for tritiation 
of benzyl alcohol at 50°C.
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would seem that he has given a wrong interpretation of
this particular result. He suggests that the conjugate
acid-base equilibrium, pK ^3*6 , involves the alcohol groupa
in a benzyl alcohol-PtCl^ complex (VIII), with the basic 
form (IX) more reactive. Whilst this is a reasonable 
deduction for benzyl alcohol alone, such an equilibrium 
is decidedly unattractive for benzene and ethylbenzene 
and we must look elsewhere for the ionisable hydrogen.
It has been demonstrated that PtCl^H^O)^ is the most
active catalyst here. Upon reaction with substrate one
molecule of water is lost in substitution because of the
23
higher trans labilising effect of chloro ligands. However,
one water molecule remains bound to the catalyst (XL)
and this can lose a proton to give the hydroxy complex (XLI).
(XL)
Cl
Pt
CP OH
(XLI)
+ H
Such equilibria are known to occur in homogeneous catalysis,
69the mechanism of the Wacker process providing a classic 
example. Here, an aquodichloroethylene palladium complex (XLII)
Cl S 'CH _ 
,rCl^ OH
(XLII)
Cl
CH 
^ " " H 2
(XLIII)
H
ionises to give the conjugate base (XLIII).
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The rate of acetophenone detritiation exhibits similar
behaviour with respect to pH (Fig. 23). Because of the
contribution from purely acid-catalysed exchange, it
3
was not possible to study the detritiation of [(X- H]aceto- 
phenone at low pH. It is not unreasonable, though, to
2.5
2.0
VO
1.5
1.0
0.5
pH
Fig. 23- Dependence of rate on pH for detritiation of 
acetophenone catalysed by PtCl/^“ in 1.00M 
LiCl at 85.0°C.
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suggest that a plateau occurs at low pH due to the conjugate
o
acid form,. The pK of the [3- H]acetophenone acid-basea •
equilibrium is ca. 3-2 which suggests a slightly different 
mechanism to ethylbenzene and will be discussed in detail 
■later,'
It is pertinent to ask oneself why these acid-base 
equilibria have not been considered before. The one 
exception - G o ld^ benzyl alcohol study in aqueous solvent - 
has been ignored in recent reviews of this subject. Most 
of the work to date has been concerned with deuterium 
labelling in acetic acid-water solvents characterised by 
relatively high acidity. In such media, only the ^ acidic 
form will be present such that the rate is observed to be 
independent of acid concentration. ~
THE REACTION MECHANISM
The first step in the mechanism proper (as opposed 
to initial solvolysis) is the substitution reaction
PtCl2 (H20)2 + substrate ---- > PtCl^^CLsubstrate +.H
The mechanism of substitution at square-planar complexes
74of platinum and palladium has been extensively studied 
and the general agreement is that the reaction proceeds 
along two different paths. In the so called solvent path 
(Fig. 24), nucleophilic attack by solvent displaces a 
ligand (X) via a trigonal bipyramidal transition state.
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L 1st
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+Y
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b
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Fig. 24. Two-path reaction mechanism for the substitution 
reaction ML^X + Y — — >ML^Y + X, (S = solvent).
Fast displacement of the solvent by an entering group (Y) 
results in substitution. Alternatively, the entering 
group can attack the initial complex via a similar transition 
state without solvent involvement. This is the second 
order pathway and the contributions from these separate 
paths to the overall mechanism depends very much on the 
nature of the entering and leaving groups as well as the 
other non-labile ligands.
No kinetic work has been reported in the literature
where an arene nucleus has been used as an entering group.
Although alkenes, which also react by interaction of their
75TT-electron cloud with the metal, have been shown to
follow" both courses in aqueous solvent, this is not the
5case here. The evidence - see previous section on pH-rate 
profiles - indicates that the substrates in the present 
study complex to the metal by the solvent (1st order) path. 
Actually, we are concerned with a disolvated intermediate
80
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here. This is consistent with a study of solvent effects 
on the phosphine catalysed cis, trans isomerisation of 
(PBu^)rjPtCl^in cyclohexane. The addition of solvating 
solvents such as CH^NO^, CH^CN, Et20 or CHCl^ resulted 
in solvation by one solvent molecule, whereas methanol, 
which can form hydrogen bonds, solvated the complex with 
two molecules. We can see that the disolvated complex
(XLIV) has intrinsic stability due to an intramolecular
: R  -
P t ^  >
o;
V  nh
R
(XLIV)
Cl. ..0,
Pt:;‘ 'C— CH,
Cl^V "O'
(XLV)
89hydrogen bond. Gol'dshleger et al. have recently shown 
that the acetate chelate complex (XLV) plays an important 
part in the exchange reaction of cyclohexane in acetic acid- 
water solvents.
The partial rate factors for ethylbenzene and aceto­
phenone detritiation catalysed by K^PtCl^ (Fig. 25) indicate
761 640
CH2CH3 COCH.
688 4l8
—  1 —  1Fig. 25- Partial rate factors (k2 M s ) for detritiation 
in aqueous solvent.
that these compounds react by different mechanisms. The 
immediately obvious feature here is the lack of ortho
8i
deactivation in ethylbenzene. This implies an associative 
TT-complex mechanism of the type proposed initially by
o
Garnett . , The scheme illustrated here (Fig. 26) also 
incorporates the acid-base equilibrium discussed earlier.
Ptdi)
Fig. 26. Mechanism of detritiation of ethylbenzene catalysed 
by PtCl^2- in aqueous solvent.
TT-Complexation by ethylbenzene to the platinum(II) centre
renders the arene tritiums susceptible to electrophilic
attack by a solvated proton, forming a classical Wheland
intermediate. Such reactions show no significant steric 
32effects . Aquo ligand ionisation is shorai for the ir-complex
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but it should be kept in mind that the diaquo complex 
can also ionise.
Because of* ortho deactivation, acetophenone appears 
to lose tritium via Garnett's dissociative ir-complex 
scheme (Fig. 27)- The essential feature of this mechanism
COCH.
s “*7coch
pt(ii)
COCH.
ci. i
Pt (IV)
Cl 1“
s
H , S
Cl_
ptdiT
ci^”"
ci^
Ptdi)'
C l * ' " s
COCH.
COCH.
COCH,ACl^Pt(ii) ^  t
Cl-'-"
COCH.
I
Pt(lV) 
Cl^f >^s
s
T , S
ionisation of 
solvent ligand S
COCH.
Cl--
Pt(II) ^  T 
Cl-*'’ ~^ s'
I
exchange as for 
main pathway
Fig. 27- Mechanism of detritiation of acetophenone catalysed 
by rtCl;j2-.
is a 7T - &  rearrangement involving tritium transfer to 
platinum(IV). The rearrangement may have electrophilic 
characteristics since preferential attack at the activated 
meta position is observed. The tritide ligand can be lost
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to the solvent by conversion back to platinum(II). This 
conversion and the ir - & rearrangement are very rapid.
Once again, a solvent ligand can lose a proton, subsequent 
exchange being the same as for the main pathway.
To understand why acetophenone and ethylbenzene
react differently in aqueous media we must consider the
inductive effects of the ethyl and acetyl side groups.
The strong +1 influence of the ethyl group improves electron
density in the arene nucleus and, in turn, synergistically
86strengthens the tt-bond . Consequently, there is no 
preference for ortho and para attack by H + as would be 
expected from the inductive effect of the ethyl group alone. 
The acetophenone nucleus experiences a -X effect due to 
the acetyl group resulting in relatively lower electron 
density. Thus the Ttr-bond is destabilised and tt - <? rearrange­
ment can take place.
Now, the ethylbenzene results conflict with those
3 ■
published by Garnett , who has observed ortho deactivation.
To clarify this situation, both ethylbenzene and acetophenone
6.4 5-9 28.3
CH2CH3
Q
37-3
COCH
Q32.9
27.2
2 —Fig. 28. Relative reactivities for PtCl^ catalysed 
tritiation in 67 mole% acetic acid in water.
were tritiated with K^PtCl^ in a 67 mole% acetic acid in
84
water solvent. Relative incorporation and distribution
of tritium as determined by tritium nmr spectroscopy
are as shown (Fig. 28), having been corrected for statistical 
70factors . It was felt necessary to demonstrate that 
these relative reactivities were equivalent to those obtained 
by the kinetic method. Rates of detritiation of specifically 
labelled ethylbenzenes were therefore measured in 67 tnole% 
acetic acid in water (0 .020M [PtCl^ 3, 0.20M[H+] , 85-0°C) 
and compared with the relative reactivities derived from 
tritium nmr studies.
Table 15- Comparison of kinetic and tritium nmr studies of 
ethylbenzene exchange catalysed by K^PtCl^ in
67 mole^ CH C00H in HO,
j
KINETIC TNMR
Position
TNMR
10€ k „ (s'1) rel. react^. KEIETICobs _ -— ~ ■
(3- 2.44 5-9 2.42
2- 1.65 1-6 0.97
3- 26.6 48.8 1.83
4- 19.3 37.3 1-93
We can see from Table 15 that although there is some
variation in the ratios of results for these techniques,
the overall agreement is good. The reaction time for
tritiation of ethylbenzene - 18 hours - approaches equili- 
71brium for the 3- and 4- ring positions. Naturally, 
there would have been improved correlation if a shorter 
reaction time that tended towards initial-rate conditions
85
was used. However, this had to be balanced with the need 
to procure a product that contained enough radioactivity 
for a tritium nmr spectrum. As the 3- and 4- positions 
approach equilibrium, the relative amount of isotope in 
the less reactive positions starts to rise and will result 
in a, greater ratio of values obtained by both methods.
With this argument in mind, the 2- ring site should give 
the highest ratio. That it does not is probably due to 
the fact that its relative reactivity could not be reliably 
determined from the tritium nmr spectrum because the signal 
appears as a spur on the 4- absorption, near the baseline.
These tritium nmr results agree with Garnett’s deut- 
eriation studies and so it would appear, by a comparison 
of Figs. 25 and 28, that ethylbenzene reacts by two different 
mechanisms that are solvent dependent. In the aqueous 
acetic acid solvent, the exchange probably proceeds via 
the mechanism proposed for acetophenone (Fig. 27)- To 
understand these differences we must look closely at the 
two solvent systems.
In aqueous media we have already seen that water is 
bonded to the platinum centre (XLVI). In acetic acid media,
2
Cl
Cl
•CH
3
(XLVI) (XLVII)
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acetic acid provides a significant complexation (XLVII).
It would appear that (XLVI) has a certain degree of intrinsic
stability due to the ethylbenzene and aquo ligands*
However, substitution of aquo by an acetic acid ligand
can reduce this stability and so favour a tu - <? conversion.
This is all very speculative - the mechanism by which
acetic acid destabilises the Tr-complex is notUnderstood -
' 7 9
but other evidence suggests that in a mixed solvent 
acetic acid bonds to platinum in preference to water.
Similar labelling patterns were found when ethylbenzene
and acetophenone were tritiated by K^PtCl^ catalysed exchange
in 30* 50 and 67 mole% acetic acid in water.
It is seen in Fig. 28 that the 2- position of aceto­
phenone is about one third as reactive as the other ring 
sites. In contrast, the same position in ethylbenzene 
is 27 times less reactive than the non-hindered ring pos­
itions. It seems that another mechanism is operating to 
labilise the acetophenone 2- position and we must consider 
the fact that, in addition to the arene ring, there are 
other sites that could initially complex with the catalyst.
A mechanism to explain the enhanced reactivity of 
this ortho position is presented in Fig. 29- The substrate 
bonds initially to the catalyst via the lone electron 
pairs on the carbonyl oxygen. Ortho metallation can then 
occur by an oxidative addition process, forming a five- 
membered chelate ring. Tritium is lost to the solvent
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Fig, 29• Mechanism of ortho detritiation of acetophenone 
catalysed by P t C l ^ “ .
by a return to square-planar geometry.
Evidence in support of the above theory has been
' 72published by Cope and Friedrich . The product of the
2-reaction between an N-dialkylbenzylamine and the PtCl^ ion 
has been isolated and characterised (XLVIII). The ortho
R R 
\ /
H ^ P t ^  "^Pt' "CH2 N /  \ C1/  2
/ \
R R
(XLVIII)
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hydrogen is released as in a conventional electrophilic 
substitution such as a Friedel-Crafts alkylation of benzene. 
Indeed, all available evidence for this reaction points
attacks the 2- position of an already coordinated ammine 
ligand. It is possible that acetophenone reacts in a 
similar way but, if an electrophilic route occurred, the 
product might be expected to be stable as in the example 
cited here. Therefore, the author prefers a hydride 
transfer mechanism, partly because this is already established 
for this substrate but also because of another classic 
ortho metallation. The reaction of iridium chloride with 
triphenylphosphine differs in that the hydrogen is 
retained in the product (XLIX). Here we have hydride
transfer from ortho carbon to iridium to give a metal 
hydride in much the same way that is proposed for aceto­
phenone. In this transformation, increases are observed 
in both the coordination number (4—>6 ) and formal oxidation 
state (+1— »+III). These oxidative additions are well
characterised steps in many other homogeneous catalytic 
7 7
reactions . In parallel with these reactions, the ortho
2 +
to an electrophilic mechanism in which a Pt species
Ir(PPh3>3Cl
H\  ^ C 1
(XLXX)
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metallation of the arene ring may actually involve a 
nucleophilic attack of the ortho carbon, by the electron- 
rich metal centre. It is clear now why ethylbenzene does 
not react in this way since the only available initial 
complexation site is the arene ring.
EXCHANGE IN THE METHYL GROUP OF ACETOPHENONE AND ETHYLBENZENE
The most striking feature of methyl hydrogen exchange
in these compounds is the enhanced reactivity in aqueous
solvent such that alkyl exchange predominates over aryl
(cf. Figs. 25 and 28). The main contribution to methyl
exchange in acetophenone in acetic acid/water solvent is
from the acidity of the medium (0.2M) so consequently, the 
■ 2- 'PtCl^ catalysed effect is small. In fact all the reactions
Q    •
of [oc- H]acetophenone studied here have involved a cont­
ribution from acid catalysed exchange. This effect has
been measured and so allowed for in determining the rates
2-due to PtCl^ catalyst.
Qo
Lamaty has reviewed the subject of deuterium exchange 
in carbonyl compounds and a brief explanation of the 
acid-catalysed exchange is warranted here. The mechanism 
is presented in its simplest form in Fig. 30. Exchange 
occurs by keto - enol tautomerisation. Platinum tt-bonded 
to the arene ring might be expected to accelerate exchange 
but a difficulty with this view is that the rate Of the
acid-catalysed exchange should be enhanced by electron
84 85donating groups . In the Dewar-Chatt model of metal-
3Fig. 30- Acid-catalysed detritiation of [oc- H]acetophenone
substrate 7t-bonding, there is a donation of charge to the 
metal from the filled TT-orbitals on the substrate. Thus 
detritiation by this mechanism should give a slower rate 
than the free ketone and is not compatible with the observed 
accelerated rate.
A more attractive mechanism involves an oxidative 
addition; viz. (L)—■-*(LI). The initial catalyst-substrate
interaction involves a dative bond from carbonyl oxygen 
to platinum(II). Subsequent rearrangement to octahedral 
symmetry by hydride transfer from the methyl group results
Cl
Cl
(L) (LI)
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in detritiation (cf. Fig. 29)- It is not clear, though, 
why such a scheme should be more important in aqueous 
than in aqueous/acetic acid media.
A greater problem is posed by detritiation from the 
methyl group of ethylbenzene. Again, why should this be 
more reactive than aromatic positions in aqueous media? 
Clearly, more work is required here, such as a systematic 
variation of solvent, before one can attempt to provide 
a realistic answer.
ACTIVATION PARAMETERS
2-
The Arrhenius plots for PtCl^ catalysed detritiation 
of ethylbenzene (Fig. 3l) and acetophenone (Fig. 32) give 
good straight lines showing that no other reaction is 
operative over the studied temperature range (50-95°C).
The Arrhenius plot for purely acid-catalysed detritiation
10
11
12
13
•14
•15
3.1 10^ l/T2.92.7 2.8 3.0
Fig. 31- Arrhenius plot for PtCl^ catalysed detritiation 
of ethylbenzene.
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o [ 3- H]
2.7 2.8 2.9 3.0
Fig. 32. Arrhenius plot for PtCl^ catalysed detritiation 
of acetophenone.
-10
&
x° -12 
a
H  -13 
-14 
-15
2.7 2 . 8  2.9 3.0 3.1 /io3 i/t
Fig. 3 3 -  Arrhenius plot for acid-catalysed detritiation 
of [ a - ^ H ] acetophenone.
3of [ a -  Hi)acetophenone is also given (Fig. 3 3 ) .  The 
activation parameters derived from these plots (Table l6 ), 
accurate to within 0.1-4.6%, are indicative of a transition 
state involving simultaneous bond breaking and bond making.
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2 —Table l6. Activation parameters for PtCl/j. catalysed detrit 
iation of ethylbenzene and acetophenone.
[K^PtCl^] = 0.020M, [HC1] = 0.10M
3
H compound ■ Ea -1 kJ mol
AG* 
kJ mol *
AH* 
kJ mol *
AS*
J mol * K ^
[|3-3H]EtPh 101.3 117.9 98.8 -62.6
[3-3H]EtPh 98.5 118.3 96.0 *73-3
[oc-3H] AcOPh 95-0 116.8 92.5 -80.1
[3-3H]AcOPh 91.3 117.0 88.8 -93.1
[oc-3H] AcOPh 
acid cat.
90.7 116.9 88.2 -94.6
AG*V AH*, AS* calculated at 25°C.
The dissociation energy of the Pt-C J-bond is between
I6O-25O kJ mol-1 the Pt-C TU-bond should be much stronger.
Alkyl and aryl C-H bonds have dissociation energies of
—  1 81the order of 400 kJ mol and we would expect the
strength of the G-T bond to be slightly greater than the 
C-H bond. Thus the overall activation energy for the 
exchange reaction is considerably less than the energies 
of the bonds involved.
Entropies of activation are indicative of changes in 
translational and rotational freedom of not only the reactants 
in forming the activated complex but also the solvent 
molecules surrounding it. Positive values indicate an 
overall increase in disorder relative to the ground state 
of the reactants whilst negative values infer the opposite 
effect. Metal catalysed reactions are usually characterised
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by negative activation entropies and it is clear that
the mechanisms presented here should show the same behaviour.
However, if we compare the mechanism for ethylbenzene
(Fig. 26) with that for acetophenone (Fig. 27) we see
that acetophenone should give a larger negative activation
entropy because an extra solvent molecule bonds to the
platinum centre. This platinum(IV) intermediate would
have a greater (ordered) solvation shell around it due
to a greater positive charge on the metal centre. The
experimental activation entropy values are compatible with
such reaction schemes.
EXCHANGE CATALYSED BY OTHER TRANSITION* METAL COMPLEXES
Many other transition metal chloro complexes have
been found to be catalysts for hydrogen isotope exchange
and Table 17 gives results for detritiation of acetophenone
in aqueous media. K^PtCl^ is by far the most active
salt, closely followed by RuCl^. The sequence of reactivity
K2PtClZt>RuCl3>(NHZi)2RuCl5.H20 PdCl^NaAuCl^Na^tCl^
Na^PdCl^RhCl^Na^RhClg contains noticeable differences
1 7from the order observed by Robinson in 50 mole% acetic
acid in water. Here, Na2PtCl^>Na2lvClg>Na20sClg>RhCl^
RuCl^Na^PdCl^, which is consistent with the less extensive
13 15sequence Pt>Ir>Rh obtained by Garnett and colleagues ’
The most marked contrast exists in the much higher react­
ivity of RuCl^ in the purely aqueous solvent. This must 
be caused by changes in the solvent ligand. We have already 
seen how, for ethylbenzene, subtle changes in solvent
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Table 17- Detritiation of acetophenone catalysed by aqueous 
solutions of transition metal complexes.
[complex] = 0.10M, [HCl] = 0.10M, T = 85-0°C
Initial Complex Salt 10^ k , (s * ). -■■■, obs
. ' 4- 3-  ' . a- . :
K 2PtciZi 4i 8oo 58 9 0 0 64 0 0 0
Na0PtCl. 2252 o
PdCl2 5 470 1 810 10 100
Na2PdCl4 63.0
RuCl^ 15 900 9 400 45 700
(nh4 )2Ruci5.h2o 1 170 1 8 5 0 0
RhCl^ 26.7
Na^RhClg 20.0
K_OsCl^ <4002 o _
NaAuCl^ 567 4 610
CoCl2 6l.9 246
NiCl 4 1.4 l 010
Ni(ClO^) 1 4l0
CuCi 441 1 160
Cu(N0 )2 257
ZnClg 0 254
*
corrected for acid-catalysed detritiation.
ligands can lead to different reaction pathways. Such an 
explanation may also indicate why Na^PdCl^ and RhCl^ have 
opposite reactivities in the two solvent systems.
3
It has been suggested that exchange with NagPtClg may
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2- ■be due to some PtCl^ impurity. This is bourne out partly
2—by experiment and partly by the fact that Pt(lV)Clg already 
has a stable electronic configuration of 18 valence electrons 
and as such would not be expected to catalyse a reaction.
The higher reactivity of the methyl group of acetophenone 
in all cases where comparison data is available suggest 
a similar mechanism to that elucidated for K^PtCl^ is 
operative here.
A number of first row transition metals have also 
been studied; these are less reactive than second or third 
row metals but exhibit the same pattern of reactivity for 
acetophenone. Such results throw new light on some inves­
tigations in the relatively new field of bioinorganic
: 82chemistry. For example, it is known that the multienzyme 
system of methane-oxidising bacterial cells of Hethylosinus 
trichosporium includes a copper containing protein and 
it may now be postulated that the copper participates in 
the activation of methane, which leads to oxidation. In 
support of this, Shilov et al.*^ have reported the activation 
of methane, propane, pentane and cyclohexane by aqueous 
solutions of CuCl^ at 80-120°C.
Although no useful chemical reaction has arisen from 
the homogeneous platinum catalysts, academic studies such 
as that described above, using simple metal complexes as 
models for complicated biological systems, may well lead 
to discoveries that will have great industrial impact.
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ADDENDUM
Since this chapter was written, Garnett and colleagues
91 36have published a paper in response to Gold's criticisms
of their previous mechanistic explanation of hydrogen
2-  ■exchange catalysed by PtCl^ . They suggest that Gold's
mechanistic conclusions probably arose from the presence
of colloidal platinum(O) in the aqueous solvent. Although
■ -8invisible to the naked eye, less than 10 g of platinum(O)
is all that is required to produce the exchange rates
2-  ■which would be attributed to PtCl^ in Gold's non-stabilised 
homogeneous system. Thus it is necessary to establish 
criteria to separate homogeneous from heterogeneous cat­
alysed processes. These observations have particular 
relevance to the present work since the majority of kinetic 
measurements were performed in an aqueous solvent very 
similar to that of Gold.
Nitrobenzene, acetophenone, bromobenzene and naphthalene 
all show little or no exchange with heterogeneous platinum 
at 130°C whereas homogeneously, all four compounds are 
labelled extensively. These substrates, therefore, can 
be used to identify the type of exchange occurring in a 
particular solvent. In the present study, acetophenone 
gave exchange rates comparable to ethylbenzene which is 
labelled extensively under homogeneous and heterogeneous 
conditions. The conclusion is that homogeneous exchange 
has been observed and that catalysis by colloidal platinum(O) 
is insignificant. This inference can also be extended to
98
Goldfs work and suggests that Garnett and coworkers1 
explanation of his kinetics is incorrect. The reason 
for Gold*s anomalous results for exchange in benzene, 
therefore, still remains a mystery.
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INTRODUCTION
The need for rapid and simple methods of labelling
organic compounds with deuterium or tritium has resulted
in the discovery of a range of metal halides as suitable
catalysts. Much of the credit for this finding must go
1 2to Garnett and Long ’ - two Australians with a long­
standing interest in metal-catalysed isotope exchange
reactions - but the early contributions of Balaban and 
3-7colleagues from Rumania should also be recognised.
Ethylaluminium dichloride and a series of other halides 
such as AlCl^, SbCl^, BBr^ and MoCl^ have been found to be 
particularly effective. The exchange reactions are charac­
terised by a fast attainment of equilibrium - order of 
minutes at room temperature - and lack of both-sd.de products 
for many reactions and steric effects. Perdeuteriobenzene 
is the isotope source in the deuterium exchange method 
and traces of water serve as co-catalyst. A typical 
deuteriation mixture consists of perdeuteriobenzene (0.2 ml) 
organic substrate (0.2 ml) and catalyst (10 mg). For 
good reproducibility, dry hydrogen chloride gas is distilled 
into the reaction tube. At the end of the reaction time 
if no hydrogen chloride is present, water is added to 
destroy the catalyst and the labelled substrate purified 
in the usual way. The tritiation procedure involves the 
addition of tritiated water to a complex of ihe catalyst 
with the organic substrate, tritium labelling accompanying
■ _  i
the subsequent hydrolysis. Tritiated water (10 (il, 5 Ci ml
106
is injected into a mixture of the compound to be labelled 
(0,2 ml) and catalyst (100 mg). This is then allowed to 
stand at room temperature for the required time. At the 
completion of the reaction, excess of distilled water 
is added to ensure complete hydrolysis of catalyst.
These procedures are, in general, much faster than
Balaban's method. For example , chlorobenzene, labelled
by aluminium trichloride in prolonged exchange with
tritiated water present at a molar concentration of half
that of the catalyst, had not reached equilibrium, even
after three hours at 100°C. In contrast, Garnett - and'' Longf s
8use of ethylaluminium dichloride resulted in instantaneous 
tritiation of chlorobenzene at room temperature.
The specific activities obtained with these techniques
are, of course, dependent upon the specific activity of
the isotope source. Using low specific activity HTO (6.2
mCi ml ) with aluminium trichloride, Mantescu and Balaban
obtained specific activities ranging from 2 x 10. to 
' -6 -1
2.3 x 10" mCi mmol for a series of substituted benzenes.
21On the other hand, Emmerich and Schmialek attained
_ j:
between 19 and 5^ Ci mmol for some polycondensed aromatics 
using the same catalyst and starting with 500 Ci ml 
tritiated water.
Tritium nuclear magnetic resonance spectroscopy has
22 'recently been used to demonstrate the pattern of tritiation
107
23
of* alkyl substituted benzenes using boron tribromide 
and ethylaluminium dichloride catalysts. The exchange 
exhibits a marked absence of steric hindrance in contrast 
to results with heterogeneous Group VIII metal catalysts. 
Aromatic exchange induced by boron tribromide is directed 
to those positions favoured in electrophilic substitution, 
whereas for ethylaluminium dichloride, labelling in the 
aromatic nucleus appears to be random. Since there is 
considerable evidence that charge transfer complexes exist 
between aromatic compounds and these elemental halides -
stable nr-complexes of aluminium halides and benzene are
24 - - '•known - it appears that exchange occurs while the aromatic
is TT-bonded to the metal atom. With ethylaluminium
dichloride, this charge transfer is particularly strong
and so preference for ortho or para attack is no“ longer
prevalent. There is no selectivity towards the meta position
because benzenes with the necessary electron withdrawing
substituents do not undergo exchange. These effects are
illustrated in Figure 1 where the relative percentage
BBr ~ CATALYST EtAlCl
J ■ ■ ■ ■ ■ d*
Q
Fig. 1. Distribution of tritium in bromobenzene labelled 
by different catalysts.22
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incorporations of tritium in bromobenzene labelled by 
exchange with tritiated water and boron tribromide or 
ethylaluminium dichloride catalyst are presented. The 
values have been adjusted to take into account statistical
exchange occurs by an electrophilic process with either
Fig. 2. Mechanism for H/D exchange catalysed by ethyl­
aluminium dichloride.
of charge transfer complex formation between aromatics
and Lewis acid halides similar to ethylaluminium dichloride
26derivatives has been noted , there is some uncertainty 
as to whether the aromatic is complexed to the organo- 
aluminium at the time of proton attack. The catalytic 
procedure shows poor reproducibility when water, or less 
than one mole of hydrogen chloride to one mole of catalyst 
is used as co-catalyst. Water presumably destroys the 
catalyst in a competing reaction before a significant 
quantity of species (I) (Fig. 2) can be generated and
25factors.
2
In the mechanism proposed by Garnett and Long (Fig. 2),
HC1 or H^O as co-catalyst. Although chemical observation
HC1 + EtAlCl 2
H+[EtAlCl3]
(I)
H [EtAlCl ]~ +
H
» EtAlCl
3
» D+[EtAlCl_]
D
maintained to carry the exchange. Excess of hydrogen 
chloride is necessary to convert all the ethylaluminium 
dichloride to species (I).
During the labelling of some disubstituted benzenes,
accompanying rearrangement of aromatic substituents has 
27been observed. Xylenes, diethylbenzenes, dihalobenzenes 
and halotoluenes all exhibit this effect with ethylaluminium 
dichloride. If the addition of hydrogen chloride is 
carefully controlled, it is sometimes possible to achieve 
deuteriation without extensive rearrangement of labile 
substituents; ~ ~ ~ ~ "
The labelling procedures described by Garnett and,
■ ■ '-gQ
Long may also be applied to saturated hydrocarlrons.
By using a longer reaction time (65 hours) at a higher
temperature (96°C), alkanes with tertiary hydrogens are
extensively labelled with tritium. There is no significant
tritiation of alkanes possessing only primary and secondary
29hydrogens. However, tritium nmr spectroscopy has shown 
that although the tertiary hydrogen is by far the most 
reactive towards exchange, label is also incorporated 
into the secondary (CH^) and primary (CH^) positions.
This is illustrated by the relative reactivities of the 
sites in 2,3-dimethylbutane (II), 3-methylpentane (III) 
and methylcyclohexane (IV) labelled with ethylaluminium 
dichloride and tritiated water. The alkane probably 
interacts with the catalyst through the tertiary C-H bond
to form an incipient or full carbonium ion in which charge 
can be redistributed by proton migration or exchange. In 
this way, general labelling of the alkane occurs upon 
addition of tritiated water.
EXPERIMENTAL
LEWIS ACID CATALYSTS AND REAGENTS
Crude commercial AlCl^ was purified by sublimation: 
AlCl^ (50 g) was mixed with dry NaCl (5 g) and a little 
zinc metal and sublimed at 200°C. The white sublimate 
was then ground to a fine powder. Other catalysts were 
used as supplied. Perdeuteriobenzene (Aldrich) was dried 
over molecular sieve (8-12 mesh), p-xylene and toluene 
over anhydrous Na^SO^. Other liquid aromatics and solid 
polycondensed aromatics were used without any further 
purification. ...... - ' - / .
DEUTERIUM EXCHANGE PROCEDURE
To demonstrate catalyst activity, p-xylene—and CgD^ 
were chosen as the exchanging system because the chemical 
shifts of the aromatic protons are sufficiently well 
resolved to observe aromatic exchange without any difficulty 
A 50 mole% solution of p-xylene in C^Dg (0.5 - 1 ml) 
was made up and catalyst added (10 mg). The exchange 
was followed in a standard 5 mm nmr tube by observing 
the growth of the benzene signal (7-2 ppm) at the expense 
of the p-xylene signal (7-0 ppm). Ethylbenzene (7-15 ppm) 
was sometimes used in place of p-xylene. Proton spectra 
were obtained on a Perkin Elmer RA64 High Resolution nmr 
spectrometer operating at 60 MHz and 35°C. A typical 
experiment is illustrated in Figure 3* Initially, the 
reactants and catalyst were mixed in a dry nitrogen
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atmosphere but later experiments were prepared in an 
open fume cupboard since this was easier and gave identical 
results. Other liquid aromatic substrates were used 
in place of p-xylene to see if these could be labelled.
DEUTERIATION OF POLYGON* DENS ED AROMATICS
Naphthalene, phenanthrene and pyrene were dissolved 
in CgDg (5-10% w/v): in; a 5mm nmr tube. MoCl^ catalyst 
(10-20 mg) was then added and exchange followed in the 
manner described above. Anthracene and chrysene are 
relatively insoluble in benzene and so these were dissolved 
in warm CCl^ or CS^ respectively, and CgDg added (30%' v/v) 
to the resulting solutions. After addition of MoCl^
(10-20 mg) or S b C l ^ ( 150-400 mg) exchange was followed 
in the nmr tube. . "----
HOMOGENEOUS CATALYST SOLUTIONS
Initial experiments were performed on heterogeneous 
mixtures without any attempt to dissolve the catalyst.
All the catalysts were soluble to some extent in benzene 
but homogeneous exchange could not be induced with p-xvlene. 
It was felt necessary to find more suitable solvents.
Those found to be of use (i.e., did not react with the 
catalyst) were dimethylformamide (DMF), dimethylsulphoxide 
(DMS0) and hexamethylphosphoramide (HMPA). Solvent/ 
catalyst systems used were MoCl^/DMSO, MoCl^/DMF, AlCl^/DMF 
and TaCl /HMPA. To a homogeneous solution of the catalvst 
was added p-xylene and CgD^ (both 10% v/v). TaCl^ and
Ilk
A1C1- were saturated solutions (<l°/o) whilst MoCl was 
j 5
ca. 10°/o w/w. No exchange occurred after about a week 
at 50°C. Higher temperatures caused some precipitation. 
Addition of solid catalyst (10 mg) to the solution after 
this time produced no exchange that might have been 
heterogeneously catalysed. These solvents were clearly 
poisoning the catalyst.
The inhibitory powers of these solvents were observed 
in the following way. The solvent was added to a normal 
exchange mixture (CgDg/p-xylene+ catalyst) at about the 
half-life for the exchange. With SbCl^, the catalyst- was 
added, drop by drop (ca. 0.4g), to a 50% v/v solution of 
CgD^/p-xylene ( l : 1 mole ratio) in the poisoning solvent.
TRITIATION OF POLYGON DEN'S ED AROMATICS
Polycondensed aromatics were labelled by exchange
9with tritiated benzene which was prepared by catalytic 
exchange with HTO. To prepare the activated platinum 
catalyst for tritiation of benzene, sodium borohydride 
(350 mg) was slowly added to a suspension of PtO^ (85 mg)
in water (50 ml). The mixture was heated for a few
minutes at 50°C. After decantation, the catalyst was 
washed with distilled water and dried sufficiently to 
ensure easy handling. A mixture of catalyst (51 mg), 
benzene (l6l mg) and tritiated water (25 M<1, 50 Ci ml )
was sealed in a glass vial and heated at 115°C for k2
hours. Benzene was removed by freeze-drying and dried
over anhydrous Na^SO^. Chemical yield was 125 111 and
radiochemical yield 365 mCi at a specific activity of
— 1 ■ ■ '■ ■ ' ' -
260 mCi mmol
. . . . . . . «
Phenanthrene (10 mg) was dissolved in [ H]benzene
(70 |ll, 203 mCi). MoCl^ (20 mg) was then added and the
mixture allowed to stand at room temperature for 2 hours.
3Catalyst was removed by filtration and 5 mCi of [G- H] — 
phenanthrene was recovered.
Phenanthrene and naphthalene were also tritiated
with SbCl_; phenanthrene (15-mg) and naphthalene (10 rag)
P
were each dissolved in [ H] benzene (50 |ll, 130 mCi).
To these solutions was added SbCl (50 |Jll) which produced
■  . . ■. 0 ■ . .
some exothermic effervescence. After a few minutes, 
distilled water (2 ml) was added to hydrolyse the catalyst 
and the aromatic extracted into benzene. [ H]Benzene 
was removed by successive freeze-drying. Yields were
o ■ - ■ 3
5 mCi [G- H]phenanthrene and 6 mCi [G- H]naphthalene.
Il6
RESULTS AND DISCUSSION
The results of a systematic study on the catalytic
activity of various Lewis acids are presented in Table 1.
2
Of the compounds studied, only those previously reported 
were of any use. The reactivity decreased along the series
SbCl > MoCl > TaCl_ > A1C10» B B r  _. Proton nmr showed that
' 5 v. 5 ■ ■■; ■ 5 • j ; ,. . 5
only the aromatic sites of toluene and p-xylene had
exchanged. The results support Garnett and Long1s general
1
conclusions but reservations exist as to their statement 
that these are all homogeneous catalysts.
It was felt that; an investigation of the exchange
kinetics would be a worthwhile exercise. MoCl_ was chosen
5
for this study since the exchange reaches equilibrium 
in 20-30 minutes at room temperature. Unfortiinately, 
reproducible results could not be obtained for runs under 
similar conditions. If the nmr tube was removed from 
the spectrometer and inverted a few times, several effects 
were noticed in various kinetic runs. For example, the 
exchange was reversed for a few minutes and then continued 
in the forward direction or an exchange that had attained 
equilibrium proceeded again in the forward direction.
These observations suggest that the fast exchange rate is 
limited by diffusion.
The homogeneous mixtures did not exhibit any exchange, 
even when left for a few days at 85°C. Rapid exchange 
occurred upon subsequent addition of solid catalyst. The
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extent of exchange was dependent upon the amount of 
catalyst present. Addition of a few grains of AlCl^
(or other solid catalyst) to the reaction mixture (hetero­
geneous) catalyses exchange which reaches equilibrium 
before the theoretical value. The addition of more catalyst 
continues the exchange reaction. Catalyst poisoning is 
probably occurring. This evidence points to the conclusion 
that, for the solid halides at least, the exchange precedes 
by a heterogeneous mechanism. Support for this comes 
from the observation that a finely-ground sample of TaCl^ 
brings the exchange reaction to equilibrium in about 20 
minutes compared to about 1 hour for- the. coarser:mateirial 
supplied commercially. The only homogeneous catalyst 
studied here seems to be BBr^ but exchange was very slow 
at 85°C. The other liquid catalyst, SbC1 ^ ' wi l-3r-be 
considered in more detail later in this discussion.
1 2Garnett and Long ’ say that traces of water act as 
a co-catalyst. Even with thorough drying of the materials 
involved, rapid exchange between and p-xylene or
toluene still occurred. It is very difficult to remove 
the last traces of water and, if it is an active co-catalyst, 
so-called 'thorough drying' might not affect the exchange 
rate. The formation of small bubbles of gas (possibly 
chlorine) on the surface of the catalyst during exchange 
could be due to hydrolysis by very small traces of water 
left behind in the drying procedure. The absorption 
spectrum of a solution of MoCl^ exhibits a band which is
attributable to free chlorine, suggesting some reduction 
to lower halides occurs. Significantly, bubbles do not 
appear on the surface of halides that are inactive towards 
isotope exchange. This suggests that water is indeed a 
co-catalyst and that it serves to hydrolyse the halide 
as a necessary step in the reaction mechanism.
The effect of excess D O  with MoCl on exchange in
p-xylene was studied. After 5 minutes at room temperature
no exchange was observed. Upon leaving overnight at 85°C,
the D O  proton nmr signal showed a small increase indicating
2little exchange. Garnett and Long point out that excess 
water inhibits exchange, possibly because of rapid catalyst 
hydrolysis.
The visual appearance of the exchange mixtures is
quite striking. Vivid colours are produced upon addition
of catalyst indicating that charge transfer complexes
are being formed. This effect was noticed only for the
2useful exchange catalysts. Garnett and Long have reported 
that their active catalysts, as examined by esr spectroscopy 
all gave a radical ion with pyrene.
The study of catalyst poisoning effects led to the 
results in Table 2. DMF, DMSO and HMPA poisoned hetero­
geneous exchange completely, probably by preferential 
adsorption onto the catalyst to the exclusion of aromatic 
compounds. For example, TaCl^ and MoCl^ undergo an
Table 2. Effect of some solvents on CgDg/p-xylene exchange 
catalysed by various Lewis acids.
CATALYST
SOLVENT SbCl_
0
MoCl^ aici3 TaCl
5
DMF X X X X
DMSO X X X X
HMPA X
CS . 2 exchange exchange exchange exchange
CCl^ exchange
(x poisoned completely)
11oxygen abstraction reaction with DMSO,
MCI + 3 (CH.) SO ----- > M0C1_.2(CH ) SO + (CH > SC1_.
z> . 3 £ 3 3 £ 3 <£
Carbon disulphide and carbon tetrachloride had no effect 
on the heterogeneous exchange reaction. Even when exchange 
had been poisoned by DMF, bubbles were still seen to be 
forming on the surface of TaCl^. Thus it would appear 
that these solvents do not prevent hydrolysis of the 
catalyst, they simply prevent adsorption of exchangeable 
aromatics onto the active catalyst sites.
An investigation of the range of compounds that 
could be deuteriated by these catalysts showed that only 
arene protons could be exchanged. Sustituent rearrangements 
noted elsewhere for EtAlCl^ catalysis were not observed 
for p-xylene or mesitylene. Furthermore, aromatics with
electron-withdrawing groups (-1 effect) could not be 
labelled (Table 3)* In some cases it was difficult to
Table 3* Labelling of arenes by exchange with
catalysed by MoCl and SbCl .
3 5
COMPOUND MoCl
D
SbCl_
. 5
Toluene J y
p-Xylene J y
Mesitylene y
E thylb en z en e / y
Bromobenzene y
Biphenyl * 7
Naphthalene J y
Anthracene y ?
Phenanthrene / y
Chrysene / ?
Pyrene y y
Acetophenone X X
Aniline X  -
Benzoic acid X
Nitrobenzene X X
Pentafluorobenzene X
see if exchange had occurred due to overlap of the benzene 
signal with that characteristic of the particular compound. 
Polycondensed arenes are readily labelled in minutes at 
room temperature. With EtAlCl^ as catalyst both much 
higher temperatures (90°C) and longer periods (l week)
122
are required.
Exchange between chrysene and CgDg catalysed by 
MoCl^ is shown by the proton nmr spectra of Fig. 4. Exchange 
occurs within a minute at room temperature. Comparable
GOno
t = o
t = 1 min
‘Vo catalyst
10,11
TTT
9 8 7 6
Fig. 4. H/D exchange in chrysene catalysed by MoCl^.
spectra for ph en an t hr en e exchange (Fig. 5 ) indicate that 
there is little or no steric hindrance to exchange. The 
4,5- positions in phenanthrene and the 4,5,10,11-positions 
in chrysene are labelled as rapidly as the other sites. 
This is compatible with Garnett and Long's findings.
The absence of steric effects is also illustrated by
o •
the tritium nmr spectrum of [G- H]phenanthrene (Fig. 6) 
labelled by exchange with [ H]benzene catalysed by MoCl^. 
The peaks are somewhat broadened, probably due to the
123
Fig. 5• -H/D exchange in phenanthrene catalysed by MoCl
10
2
Mo catalyst
l6 min
TT
3 3 1Fig. 6* H nmr spectrum of [G-H] phenanthrene. ( H decoupled,
in CgDg solvent).
viscosity and impurity of the sample. The signal at 8.5 ppm
arises from the 4,5“tritons and the broad signal at 7-4 ppm
is the envelope of signals from the other positions.
The integrals are in the ratio 1:4 suggesting uniform
labelling. Here then, is a method that is potentially
capable of labelling polycondensed aromatics to higher
specific activities than those obtained by the present
use of a heterogeneous platinum metal catalyst and tritiated 
10water where severe ortho deactivation is observed.
The reactivity of polycondensed arenes to H/D exchange 
catalysed by MoCl^ decreases with increasing complexity 
of the ring system (Fig. 7). The anomalous position of
Fig. 7• Order of reactivity of various arenes to exchange 
with CgDg catalysed by MoCl^.
chrysene in this series might be a consequence of the 
solvent, carbon disulphide. All other compounds were 
labelled with C^Dg acting as solvent and isotope source, 
except- for anthracene, where carbon tetrachloride solvent 
was used. _ — 77 r~
Any mechanism put forward for the isotope exchange 
reaction catalysed by MoCl^, TaCl^ and AlCl^ must explain 
the following observations. l) Exchange is very fast at 
room temperature. 2) Steric effects are absent. 3) Chlorine 
is formed on the catalyst surface during exchange.
4) Exchange is confined to aromatic sites in the systems 
studied here. 5) The exchange reaction involves hetero­
geneous catalysis. 6) Aromatics. with electron-withdrawing 
substituents do not exchange. The mechanism will be 
discussed with reference to MoCl but the general features 
should be applicable to the other halides.
13In the solid state, MoCl,. is dimeric with chlorine 
bridges such that each molybdenum is hexacoordinate (V).
Cl Cl
C l ^  | -.Cl I ^ C 1  
Mo^ Mo 
C l ^  | ^ C l ^  | ^ C l  
Cl Cl
(V)
It is easy to appreciate that such a structure might not
have catalytic properties; there are no available coordination
sites. However, when benzene is refluxed with solid
l4MortCl MoCl, is formed and chlorine evolved. That 2 10 ’
this reaction occurs to some extent at room temperature 
is a reasonable assumption that is borne out by experiment. 
Benzene is probably adsorbed onto the surface of the catalyst 
as a charge transfer TU-complex (VI), displacing chlorine
D
C1\  / C1\  / Cl 
Mo Mo
Cl'""' ^ C l ^  | ^ C l
Cl Cl
(VI)
via an associative or dissociative pathway. Homolytic 
cleavage of a C-D bond results in a TU-bonded phenyl radical 
and an adsorbed deuterium atom. This can then react with, 
say, either a p-xylene radical formed in the same way 
or a ir-bonded p-xylene molecule via an associative pathway 
(Fig. 8 ). This is very similar in many respects to Garnett’s
Fig. 8 . Scheme for H/D exchange catalysed by MoCl .
5
associative TT-complex substitution mechanism proposed 
(but later discarded) for exchange on the surface of 
Group VIII heterogeneous metal catalysts.
The very fast reaction rate suggests that the Mo-substrate 
bond is very weak leading to a fast turnover of substrate. 
Because of this, deactivated aromatics (with electron 
withdrawing groups) do not undergo exchange since they 
cannot donate enough charge to the molybdenum to form a 
weak bond. If this is so, the multiple exchange parameter 
(discussed in the previous chapter on homogeneous platinum 
catalysis) should be close to unity indicating that the 
residence time of the substrate on the catalyst is such 
that only stepwise exchange takes place. This would be 
a worthwhile investigation since no work along these lines 
has been reported in the literature. Alternatively, 
formation of a stable complex through an oxygen or nitrogen 
donor would also not result in exchange.
The exchange reaction with SbCl has several distinct
- ....... 5 _ ■ . ■ . ■
features. Firstly, the catalyst is a fuming yellow liquid 
and so the exchange cannot be discussed in terms of a 
’conventional' heterogeneous mechanism. Addition of a
few drops of SbCl^ to the solution of aromatic compound 
in CgDg produced a visible reaction with some exothermic 
effervescence with a red colouration in the region where 
catalyst was mixing. The evolution of gas subsided 
within seconds. With polycondensed aromatics, a dark 
precipitate was produced whereas with single benzene ring 
compounds, a yellow solution resulted. Where compounds 
exchanged, this was instantaneous and the degree of exchang 
was dependent upon the amount of SbCl^ added.
The gas was evolved in sufficient quantity to turn
moist blue -litmus paper red with some bleaching: this
indicates chlorine. SbCl^ was shown to be present in
the precipitate, which was soluble in acetone and toluene"^
by addition of water. A milky-white precipitate of SbOCl 
17formed ,
SbCl + H O ---- * SbOCU + 2HC1.
The white precipitate decomposed (without melting) around 
1
175 C . Addition of SbCl^ to resulted in a milder
reaction than for p-xylene, toluene or mesitylene. Since 
the latter three compounds were less rigorously dried 
than CgDg, the conclusion is that traces of water are 
responsible for the decomposition
S b C l  > SbCl0 + Cl t.
5 j ■ £
The pentachloride must be the active exchange catalyst 
because SbCly was shown to be inactive (Table l). The 
precipitate is probably an adduct of SbCl^ and aromatic 
substrate. A large number of complexes of SbCl^ with
l8aromatic hydrocarbons have been made and characterised.
19Hulme and Szymanski have determined the structure of 
the naphthalene complex C^^Hg.2SbCl^ (VII) by X-ray
SbCl
SbCl
(VII)
crystallography. Each Sb atom coordinates to a localised
double bond, but the Sb-C distances are quite long (3-36- 
o
3•74 A), implying that the interaction is very weak.
20SbCl^ gives stable 1:1 addition compounds with 
oxygen and nitrogen donors such as ethers, alcohols, 
aldehydes, esters and nitriles. If these substituents 
are present on a benzene ring, aromatic hydrogen exchange 
cannot be induced (Table 3)«
As with MoCl catalysed exchange, SbCl is not influen 
by steric factors. Virtually uniform distibution of 
label was obtained with phenanthrene (Fig. 9 ) tritiated
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Fig. 9« H nmr spectrum of [G- H]phenanthrene. ( H decoupled, 
in CgD^ solvent).
by exchange with [ H ]  benzene. The broad signals probably 
result from the viscosity of the sample solution but 
qualitative inspection of the spectrum, by cutting out 
the two signals and weighing, shows that they are in the 
approximate ratio 1:4. The tritium nmr spectrum of the 
product obtained on tritiation of naphthalene by SbCl,. 
catalysed exchange with [ H]benzene (Fig. 10) probably 
shows the presence of tritiated 2:1 adduct (VII), 1:1 adduct
H nmr spectrum of [ H]naphthalene. ( H decoupled
in CrDr solvent).
Fig. 10
and free naphthalene. A deep red colouration of the nmr 
sample indicated the presence of charge transfer complexes.
A mechanism for SbCl is much more difficult to
5
formulate than for MoCl^. Because the exchange reaction 
seems to occur on the mixing boundary layer when SbCl^ 
is added, it perhaps catalyses in a 'pseudo-heterogeneous 1 
way. That is, rapid exchange proceeds on the surface
of the SbCl interface in a manner similar to MoCl .
5 5
Unfortunately, this kind of speculation at the present 
time is riddled with ifs and buts such that more work 
is required with this catalyst. There is no doubt, hbwever, 
that the Lewis acid catalysts described here have proved 
to be of immense value since they have opened up a field 
where, for some compounds, virtually uniform labelling 
with deuterium or tritium can be obtained.
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INTRODUCTION
The use of tritium gas is usually the method of choice
when labelling compounds to high specific activity.
Tritium gas is normally available at greater than 98%
isotopic abundance whereas tritiated water is frequently
diluted as HTO. This is necessary for storage reasons,
since pure T^O is self-luminescent; lg containing 2 700 Ci
9 -1
irradiates itself at the rate of 10 rads day .
1
Tritium gas is manufactured in large quantities by 
the bombardment of enriched lithium-6 by neutrons,
6T . ; 1 4„  3t t  •.Lr +■ ^n ------ > He + H.
Some of the tritium escapes, but some is retained as 
lithium tritide, treatment of which with acid - l-i-berates 
the tritium. The gas is purified by thermal diffusion 
and helium-3 is removed by differential adsorption onto 
charcoal at -196°C.
1 Millimole of tritium gas (22.4ml at S.T.P.) 
contains 58.24 Curies of radioactivity. From this it 
follows that a labelled compound, having one hydrogen 
atom replaced by tritium, will have a specific activity 
of 29-12 Ci mmol
It goes without saying that a chemical compound 
must contain hydrogen in order that it can be labelled 
with tritium. However, the labelled compound can only
find use as a tracer if the tritium is incorporated into 
stable positions. Oxygen and nitrogen bound tritium is 
easily exchanged in a protic solvent and so one must 
attempt to incorporate the label as relatively stable 
C-T bonds. For example, pterin-6-carboxylic acid (I)
HO
NHOH
_(I) (II)
has only one C-H bond where a tritium label can be sited. 
8-Azaguanine (II), on the other hand, contains no non- 
labile hydrogens and so cannot be usefully labelled with 
tritium and resort must be made to another radioisotope, 
say, carbon-l4. During the course of a tritiation 
experiment, a substantial amount of isotope is incorporated 
into freely exchangeable positions. This labile tritium 
can be easily removed by successive evaporations of a 
protic solvent.
Methods for tritium gas labelling can be considered 
under two headings (Table l). The catalytic techniques 
have found the widest application and these will be 
discussed in detail. The non-catalytic methods, however, 
do have some use and so these are briefly reviewed.
Table 1. Methods for Tritium Gas Labelling.
ISOTOPE EXCHANGE REACTIONS DIRECT CHEMICAL SYNTHESIS
Recoil Labelling.
Radiation Induced Exchange (Wilzbach).
Catalytic Exchange in Solution with 
Tritium Gas (Heterogeneous and 
Homogeneous Catalysts).
ISOTOPE EXCHANGE REACTIONS 
RECOIL LABELLING
Although of little practical use, this method has
. ■■. ■ . ^ ■■.
historical interest, being first developed in 1955-
Compounds are labelled by the reaction of recoil, tritium
atoms from the nuclear reactions Li (n,Oc) H and
o o
(n,p) JH. If the recoil triton has the right amount 
of kinetic energy, it can form a stable bond in a molecule 
upon collision. Most of the recoil tritons, though, 
have too much kinetic energy and so chemical and radio­
chemical yields, as well as specific activities (<0.1 mCi 
mmol ), are normally quite low. The damage caused to 
the target material by the high neutron flux and gamma- 
radiation does not help matters either.
RADIATION INDUCED (WILZBACH) EXCHANGE
3
This method was introduced by Wilzbach in 1956 and 
consists of exposing a compound to tritium gas for several
Catalytic Reduction of Unaaturated 
Compounds.- >
Catalytic Halogen - Tritium 
Replacement.
days or even weeks. The radiation induces exchange reactions
between hydrogen atoms in the compound and the tritium
gas. The excess gas can be purified if necessary and
reused, while the tritiated compound is purified by
chromatographic techniques. Since a large number of
tritiated impurities are produced, some at very high
specific activity, obtaining a radiochemically pure product
can present a challenge to the chromatographic chemist.
Specific activities are usually low, ranging from 0.1 to 
» \
10 mCi mmol . For these reasons, use of this method 
has declined in favour of catalytic exchange techniques, 
and Wilzbach labelling is now used as a last resort if 
all other methods fail.
The labelled product is found to be generally labelled, 
i.e., random but not uniform distribution of tritium is 
the rule. There is some preference for isotope incorporation
4into aromatic sites. T
The apparent simplicity of the Wilzbach method has 
led to several improvements. Although these have improved 
specific activities, the problem of impurities still 
remains. Use has been made of tritium gas activation, 
charcoal adsorption and various noble metal catalysts.
The reaction system can be energised by irradiation 
with U.V. light, y- and x-radiation and microwaves. The 
microwave discharge technique can give specific activities
139
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in the range 0.2 - 29 mCi mmol and in Wolffs recent 
,-16work improvements up to the Ci mmol region are reported.
Adsorption of tritium gas onto charcoal in effect 
concentrates the gas thus increasing the rate of collision 
between tritium atoms and substrate molecules. This is 
achieved by mixing the compound with charcoal and then 
introducing tritium gas into the vial.
Exposure of tritium gas to an intimate mixture of the
7
compound with either platinum or palladium black results 
in specific activities of 3 to 2 000 - times higher than 
the normal method. The increase in labelling is higher 
for aromatic than for aliphatic compounds, presumably 
because of stronger chemisorption of aromatic c-ompounds on 
the catalyst* Alternatively, aromatic ir-electrons may
■ ■ . ■ + g . ■ ■ ■ ■■■' ■
interact more readily with T than the ^-electrons of 
aliphatics.
CO-NH-CH
I 3 
HOCH
methyl thioiincosaminide
moiety
propylhygric moiety
HO
OH
1/1
SCH
OH
(III)
Use of a catalyst during tritium gas exposure can
l40
drastically alter the distribution of tritium. An example
Q
is the antibiotic, lincomycin (ill). Conventional Wilzbach 
labelling gave 66% tritium in the propylhygric moiety 
and the remainder in the methyl thiolincosaminide moiety.
The presence of a platinum black catalyst gave a specific 
activity improvement by a factor of 20, the propylhygric 
moiety containing 95% of the tritium.
EXCHANGE IN SOLUTION WITH TRITIUM GAS 
HETEROGENEOUS METAL CATALYSIS
E.A. Evans and his colleagues at The Radiochemical
10 ' 'Centre have developed a simple technique for labelling
certain classes of compounds by a catalysed isotope exchange
with tritium gas. The compound, dissolved in neutral or
: ' W  • ' ' ■ - ■ " ' ■ ■ ' '
alkaline solvent, is stirred with tritium gas-(l0 - 25 Ci), 
in the presence of a proton transfer catalyst for 20 min. 
to 20 hours at room temperature. Suitable catalysts are 
palladium oxide on barium sulphate and palladium on charcoal 
or calcium carbonate.
This technique has many advantages over Wilzbach
■ ■ ■ _  jr v-.
labelling. Very high specific activities (l - 46 Ci mmol ) 
are obtained together with good yields of radiochemically 
pure product. The compounds that can be labelled fall 
conveniently into three groups; a) carbohydrates, b) com­
pounds containing benzylic or allylic hydrogens and c)
nucleics (compounds containing a purine nucleus). Isotopic
12distribution has been extensively studied by tritium nmr
1^1
and chemical degradation.
Reducing carbohydrates are labelled exclusively at
13 ; non-reducing sugars give low radioactive yields
and several components in the crude product. Investigations
10on a range of carbohydrates indicate that the acyclic,
free aldehyde form of a sugar is involved in the gas/solution
exchange.
A wide variety of compounds can be specifically
labelled at benzylic positions by this procedure. Examples
l^ t 10 10are oestriol (IV), amphetamine (V) and L-3-phenylalanine
(VI). In contrast, L-alanine (VII) could not be successfully
OH
T Me 
I I
CH-CH-NH.
HO
T
(IV) (V)
T NH NH
| I 2 ' . ■ | ■ 2 '
CH-CH-COOH CHj-CH-COOH
(VI) (VII)
labelled. An interesting feature of this exchange process 
is the preservation of stereochemistry unless the benzylic 
position is an asymmetric centre. Thus L-3-phenylalanine
is tritiated without loss of optical activity whereas 
1-noradrenaline (VIII) gives Zl% of the tritiated cl isomer.
T
HO
(VIII)
Under these reaction conditions, the 8- position of 
a purine ring (IX) is readily exchanged with tritium; a
(IX)
reaction time of only one hour is usually adequate and 
specific activities approaching theoretical maximum (29 
Ci mmol ) are not Uncommon. Radiochemical purity of 
nucleoside mono and diphosphates direct from the tritium 
exchange reaction is, in general, greater than 95%- 
Guanine nucleotides (R^=NH^, R,>=0, X=H) give lower specific 
activities than adenine nucleotides (R^=H, R^NH^, no X) 
under the same reaction conditions. On the other hand, 
guanine nucleotides give faster exchange rates than adenine 
nucleotides.
lk3
HOMOGENEOUS METAL CATALYSIS
Although not used for the preparation of tritium
compounds it is perhaps worthwhile to mention some homo-
geneous metal catalytic reactions developed by Parshall *
involving the exchange between arenes and gaseous deuterium.
Metal complexes such as TaH^cp2, NbH^cp^ (cp=cyclopenta-
dienyl), CoH(N )[P(C^H )_] and IrH [P(CH ) ] were dissolved 
&  G j  j  ■> j  j  £
in benzene (or other arene) and heated at 100°C overnight 
in a glass ampoule with deuterium gas. It would seem 
that exchange is confined to arene C-H bonds and one would 
be hesitant to use such conditions with tritium gas.
Moreover, the compounds labelled by this method can be 
easily and safely tritiated by other established techniques.
17Pri-Bar and coworkers have labelled some—polyeyelie 
arene hydrocarbons (naphthalene, fluorene and anthracene) 
by exchange with tritium gas in acetic acid or dimethyl 
sulphoxide with platinum chloride as a homogeneous catalyst. 
Once again, the method appears to offer no advantage over 
conventional heterogeneous metal catalysed exchange with 
tritiated water.
DIRECT CHEMICAL SYNTHESIS
Direct chemical synthesis is the best method for the 
preparation of tritium compounds of the highest possible
specific activity and specificity of.labelling* The two 
chemical reactions that use tritium gas as a starting 
material, i.e., reduction of unsaturated bonds and de- 
halogenation, both require a metal catalyst in one form 
or another. With heterogeneous catalysts, however, the 
reaction conditions closely parallel those of catalysed 
exchange in solution with tritium gas. This means that 
a certain degree of 'non-specific' labelling can, and 
frequently does, occur. Palladium and platinum supported 
metal catalysts have found wide use in direct chemical 
synthesis; ruthenium, rhodium, osmium and iridium are 
seldom employed. This method is really only limited’by 
the availability of a suitable unsaturated or halogenated 
precursor.
CATALYTIC REDUCTION OF UNSATURATED COMPOUNDS
Examples of this type of tritium incorporation are 
as follows
RCH=CHX 
RC=CX 
RCEECX 
RC=N 
RR»C=0
A variety of catalyst types may be used, the final 
choice depending upon the reaction. The unsaturated 
compound is dissolved in a suitable solvent and stirred
T 2 — > RCHT— CHTX
T 2— ---> RCT=CTX
T 2- — > R C T - C T X
T 2 2
RCT — NH 
T 2 2
— — -=► RR * CT-OH
with tritium gas in the presence of the chosen catalyst.
For the highest possible specific activities, solvents 
without labile hydrogen positions should be used to prevent 
dilution of the tritium 'pool1. The last two reactions 
above usually require elevated temperatures and/or pressures, 
both of which are undesirable when using tritium gas. 
Tritiated metal hydrides provide a much safer synthetic 
route. . _
3The preparation of [ H] stearic acid (XI) by catalytic 
tritiation of elaidic acid (X) provides us with a good 
example of non-specific labelling. Chemical degradation
CH3(CH2 )7 \ c = c / H
^(CHL )_COOH2'7
(X)
Pt/T
CH3(CH2 ) (CHT)2 (CH2 )?COOH
(XI)
19of the product revealed that only 15% of the label was 
at the 9- and 10- carbon atoms. The other 85% was distributed 
along both sides of the carbon chain. Double bond shifts 
are known to occur during catalytic hydrogenation of 
alkenes, the extent being dependent on the catalyst. The 
tendency to isomerise double bonds decreases along the
20catalyst series Pd>Pt>Ni.
In marked contrast, the partial catalytic tritiation
of alkynes to alkenes can give over 90% specific labelling.
[9,10-^H]Oleic acid (XIII) from stearolic acid (XII) is 
, 21an example. ,
■ - T 2 - :• : 
CH (CH2 )7C=C(CH2 )7C00H -------- > CH3 (CH2 )7CT=CT(CH2 )7COOH
(XII) . (XIII)
Use of a homogeneous metal catalyst can prevent
isomerisation during the reduction of isolated double
bonds. Tritiation of oleic acid using chlorotris(triphenyl
22phosphine)rhodium(I) catalyst gave stearic acid with 99% 
tritium at the expected 9,TO- positions. This—catalyst can 
also give a different stereochemical distribution of label 
to that obtained with a heterogeneous catalyst. Reduction 
of 17|3-hydroxyandrosta-l, 4-dien~3-one (XIV) with tritium 
gas catalysed by palladium on charcoal gives predominantly
OH
OH
■ o^s
(XT)
OH
0
(XIV)
(XVI)
1(3, 2(3 labelling of the [1,2-^H]testosterone product (XV), 
whereas the soluble rhodium(I) catalyst gives a product 
(XVI) where lot, 20C labelling prevails.
Distribution of tritium after addition to a double
bond is likely to be uneven. L-[3H]Valine (XVIII) made
by reduction of N-acetyl-2,3-dehydrovaline (XVII) with
24tritium gas was found to contain an astonishing 64% of
CH
CH
^NHCOCH.
3\ C =:C/  3
‘COOH
(xvir)
Pd
CH JTHCOCH
- ^ C T — C T ^  J
C H ^  COOH
(XVIII)
tritium in the 4-methyl- groups and only 28% and 8% label 
in the 3“ and 2- positions respectively.
During the course of a catalytic reduction of a double 
bond, mono as well as ditritiated products are formed.
The former occur by dilution of tritium by hydrogen from 
exchange reactions with the solvent or by the initial 
presence of hydrogen in the tritium gas. Tritium nmr
^V-COOH
H
(XIX)
T.
TW T 95%
COOH
J- 2%
( V-COOH 
\N/
H
V—. 2%
£ > cooh
H
O 1%COOHw
H
25 '3analysis of L-[3, (t- H]proline, the product from reduction 
of 3,4-dehydroproline (XIX), shows that three monotritiated 
isomers are present; 1% of the tritium being sited at the 
5- position. In the precursor, this is an allylic position 
and so susceptible to exchange.
The rate of reduction of double bonds by hydrogen 
and its isotopes is found to decrease in the order
26Bigeleisen has derived this series mathematically by 
assuming that hydrogen and its isotopes are freely bound 
as atoms to the catalyst surface during a hydrogenation. 
Strong chemisorption would result in the lighter isotope 
having the greater rate constant.
CATALYTIC HALOGEN-TRITIUM REPLACEMENT
Halogens may be rapidly exchanged for tritium (as
gas) tinder conditions similar to that of catalysed exchange 
27
in solution. Palladium on charcoal is particularly 
effective. The general equation for the exchange,
» TX + RT
» THO + X~ (X = halogen)
shows that half the tritium is lost as the tritium halide
which can poison the catalyst. The tritium halide should
therefore be neutralised with a basic compound, but this 
can produce additional difficulties. Accumulation of 
tritiated water at high specific activity in the reaction
RX + T 
TX + OH
solvent can lead to unwanted side reactions, radiation 
damage and, more importantly from the labelling point of 
view, hydrogen isotope exchange resulting in non-specific 
labelling.
Aryl halides are reduced in neutral or alkaline media
whereas aliphatic halides, unless activated by adjacent
28unsaturation, must be reduced in alkaline conditions.
For dehalogenation, the order of decreasing reactivity 
is JRI>RBr>RCl»RF. As a rule, RF can not be converted 
to RT by catalytic means.
■ 3The sythesis of [2,/t, 6,9- H] oestriol provides an
l4example of the dehalogenation reaction. Bromination 
of the phenolic ring of oestriol gives the 2 ,4-dibromo- 
compound (XX). Subsequent halogen-tritium replacement
OH OH
Br
HO
Br
HO
T T
(XX) (XXI)
gives a product (XXI) with only S0% of the tritium at the 
original bromo- positions. The other 20% was located at 
the 6- and 9- benzylic positions. These latter sites 
were shown to be catalytically labile by the fact that under 
the same reaction conditions, oestriol is labelled by
catalytic exchange in solution with tritium 
the 6- and 9- positions.
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INTRODUCTION (EXPERIMENTAL)
The tritium gas handling manifold described here 
has been designed to produce compounds of tritium by 
either catalytic exchange in solution or direct chemical 
synthesis. Hydrogen or deuterium may, of course, be 
substituted for tritium gas as starting material should 
the need arise.
TRITIUM GAS MANIFOLD CONSTRUCTION
The manifold (Fig. l) was built by the University 
Glassblowing Unit and is designed to transfer a measured 
quantity of tritium gas to the reaction vessel and perform 
some initial purification of the resulting tritiated 
material- The 'business end' of the apparatus is the 
'tritiation tree' which is shown in more detail— in Fig- 2. 
It consists of a burette (5 -Oml, 28cm length) with a 250nil 
bulb at the base. The top of the burette is connected, 
via a four way junction piece (2mm capillary tubing), to 
the manifold, tritium gas ampoule and reaction flask.
A glass rod provides mechanical strength to the two side 
arms which are inclined upwards at 7° to prevent mercury 
accidentally running over into the reaction vessel. The 
tree is connected to the main manifold at tap A via a ball 
and socket coupling BS1, which absorbs vibrations generated 
by the stirrer motor. This motor is situated on the right 
of the apparatus and it drives a stirring magnet, placed 
just below the reaction vessel, via a flexible shaft. 
Connected to the base of the tree is a mercury reservoir
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Fig. 1, Manifold for handling multicurie quantities of 
tritium gas, (Front support poles have been 
removed for clarity).
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Fig. 2. Detail of ’tritiation tree %
(300ml) which is in turn connected to the main manifold 
at tap B.
A Pirani gauge and meter facilitates a quick visual 
check on the state of the vacuum within the manifold.
Catalyst may be removed from the reaction mixture by 
vacuum filtration through tap C . Solvent is removed by 
rotary evaporation, again through C.
Volatile tritiated material is collected in the liquid 
nitrogen trap which is connected to the main manifold 
by another-ball and socket joint BS2. This joint minimises 
accidental breakage of the apparatus when removing the 
trap for emptying.
The apparatus is isolated from the vacuum pump by 
tap D. The exhaust from the pump is taken back into the 
fume cupboard ventilation duct thus ensuring that no 
tritium gas enters the laboratory.
All stopcocks are of the ground glass type, lubricated 
with Apeizon L grease. In an attempt to prevent contamination 
by a gradual accumulation of grease, the four stopcocks 
on the tritiation tree were initially made of Teflon.
However, it was found that tritium gas diffused through 
the body of the tap at a rate of 0.2ml hour . That this
was not due to looseness of the Teflon taps was shown by
_ 3 ■ "
the fact that a vacuum of 10 Torr could easily be acheived
with them.
OPERATION OF MANIFOLD
The vacuum pump is started when all the taps except 
for F and 6 are closed. Liquid nitrogen should be present 
in the trap dewar. D can then be SLOWLY opened. (Some 
liquid air may have condensed; rapid evaporation can crack 
the trap). The reaction vessel containing catalyst, 
substrate, solvent and a stirring paddle is attached to H.
Care should be taken when adding solvent to the catalyst.
30 31Methanol vapours (but not ethanol) are easily ignited. ’ 
The author, however, has not experienced this danger, 
probably because of rapid saturation of the catalyst when 
adding methanol. The paddle is a short piece of paper clip 
encapsulated in a glass tube manufactured from the tip 
of a disposable pipette. An ampoule of tritium gas (2.0ml, 
5Ci) is now attached to I. It is wise at this stage to 
check that the glass breakseal (Fig. 3) is intact.
Fig. 3 Tritium ampoule breakseal
Air can now be evacuated from the mercury reservoir 
by opening B and E. Once a sufficient vacuum has been 
achieved these taps are closed and A, J and K opened to 
evacuate the burette. K can then be closed and I opened 
to remove the air above the tritium ampoule. I is then 
closed. The air in the reaction flask is most effectively 
removed by freezing the contents with liquid nitrogen 
before opening H. After closing this tap, a beaker should 
be clamped in position around the flask as a safety precaution 
and the magnetic stirrer then placed below this arrangement.
A and J can now be shut and I and K opened. The breakseal 
is broken by the magnet contained in the side arm at X. ■
The mercury level should be in the burette at this stage 
and a drop in this level provides visual confirmation 
that the breakseal has been broken. The mercury reservoir 
can now be laid horizontally on the base of the apparatus.
As the mercury flows to fill the vacuum in the reservoir, 
it draws the tritium gas out of the ampoule and into the 
250ml bulb below the burette. When the flow has ceased 
K and I should be closed.
If the tritium is to be divided for two experiments, 
it is wise at this stage to measure the volume of tritium 
gas that has been transferred. Tap E is opened CAREFULLY 
to the atmosphere and once the pressures have equilibrated 
the reservoir is raised until the mercury leval is identical 
with that in the burette. A mark may be made on the 
burette as a reminder. Half the gas can now be transferred
to the reaction mixture by opening K and H. Because there 
is a vacuum in this region, the mercury level has a tendency 
to rush into the four way junction. To prevent this, 
some air should be removed from the reservoir (E and B) 
until the mercury level is at the bottom of the burette.
Tap K can be closed when the desired quantity of gas has 
been transferred over and the remaining gas can be safely 
stored in the burette for future use.
The stirrer motor can now be switched on, D closed, 
vacuum pump shut off (air bleed) and the dewar removed 
from the trap. After the desired reaction time, the manifold 
should be evacuated again as described above. Unused 
tritiated gases are removed through A, J and H. It is 
not necessary to freeze the reaction mixture this time; 
it is enough to ensure that it does not boil at reduced 
pressure. The reaction vessel is now removed from the 
tritiation tree and the manifold shut down as described 
previously.
PURIFICATION AND ANALYSIS OF TRITIATED PRODUCT
The first stage in the purification of the product 
is removal of the catalyst. This is quickly accomplished 
through a glass fibre filter paper (Whatman GS-F ) held on 
a sintered glass funnel (Fig. 4). Air is sucked through 
the funnel by attaching a hose to tap C on the main manifold. 
G should be closed for this and subsequent operations to 
prevent solvent vapour contaminating the platinum wire
filter
paper clamp
sintered
glass
to
Fig. 4 Removal of catalyst
of the Pirani gauge. The catalyst that is retained on
the filter paper should be stored in liquid paraffin to
31prevent the danger of spontaneous ignition.
Solvent can now be removed by using the rotary 
evaporator, again connected to the manifold at C. Labile 
tritium is removed at this stage, three successive evap­
orations of a hydroxylic solvent usually being sufficient. 
The solvent collects in the liquid nitrogen trap and care 
must be taken to ensure that it does not become blocked up
The usual method of separating the required product 
from impurities is by paper or thin-layer chromatography 
(TLC). After rotary evaporation, the residue is taken up
in the minimum quantity of a suitable solvent and applied 
to a TLC plate or chromatographic paper. The solution 
is taken up into a short capillary and applied by contact 
to the TLC plate. This operation can be tedious but is 
worth taking time over since the resolution of the chroma­
togram is improved and streaking minimised, thus giving 
a clean separation. A small quantity (ca. lOO^ig) of 
inactive product (known as carrier) can be applied to the 
edge of the plate to serve as a visual marker for the 
radioactive product. However, information obtained from
this inactive marker must be treated with care since
32isotopic separation can occur. Large differences 'in 
chemical concentration on the TLC plate can also lead to 
non-equivalence of values for marker and labelled material. 
The plate is run in a suitable solvent which dLs- then 
removed by evaporation in air.
Visual identification of the separated bands can be 
done in either white or U.V. light, depending upon the 
compounds. Radioactive bands are identified by autoradio­
graphy and/or radiochromatographic scanning. In auto­
radiography, a sheet of x-ray film is placed against the 
TLC plate, the exposure time being dependent upon (but
00
by no means proportional to J) the amount of radioactivity 
present. After development, dark bands on the otherwise 
transparent film correspond to the radioactive regions.
A radiochromatogram scanner provides a much quicker 
indication of the distribution of radioactivity on a TLC
l6o
PANAX REIGATE
pig» 5. Panax Thin Layer S
canner RTLS-i a .
plate or paper. With the Panax Thin Layer Scanner RTLS-IA 
(Fig. 5) the plate is placed on a carriage which moves 
below a stationary detector which is of the windowless, 
ga&-flow, Geiger-Muller type, the filling gas being argon 
containing 2% propane. A typical radioactive scan of a 
chromatogram obtained on this instrument is shown in Fig. 6
0 0
Fig. 6 Scan of a radiochromatogram
The Radiochemical Centre have produced a very useful review
3kon the chromatography of labelled compounds.
Once the required tritiated product has been identified, 
it is either cut out or scraped off, taken up into a solvent 
and the chromatographic stationary phase removed by filtration 
It might be necessary to further purify the product in a 
different solvent system. If the material is pure enough, 
i.e., chemically and radiochemically pure, the specific
activity can now be determined.
Chemical purity is self-explanatory. The radiochemical 
purity is the proportion of the isotope that is in the 
stated chemical form. The specific activity is the amount 
of radioactivity present in a given weight of radio­
compound. For solid materials, this value is usually 
arrived at by a combination of liquid scintillation counting 
(see General Introduction) and U.V./visible spectroscopy 
using the relationship;
e .«♦ •• . , radioactive cone (mCi ml )Specific activity =
x millimolar extinction coefficient 
absorbance
■ " ■ ■ ■ ■ ■ -1 
the resulting units being Ci mmol . The molar extinction
coefficient is determined for the unlabelled material by
measuring the absorbances of a series of known standards.
The tritiated compound should now be stored in a fridge,
preferably in solution, to reduce decomposition by self- 
35radiolysis.
SAMPLE PREPARATION FOR TRITIUM NMR
For the rapid analysis of labelling patterns within
a tritiated compound, the use of tritium nuclear magnetic
\ 2
resonance spectroscopy has been demonstrated to be 
unrivalled. This section is concerned with the practical 
aspects of sample preparation in the author’s work.
For routine measurements, the tritiated compound 
in a deuteriated solvent (ca. 80|Jll) containing some TMS 
(tetramethylsilane) as internal standard, is heat sealed 
with a microburner in a 3mni o.d. lOOjil microcell (Wilmad) 
the liquid having been frozen in liquid nitrogen first. 
The tube is then located concentrically in a standard 5mm
standard 
5mm tube
3mm microcell
Teflon rings
CC1
tritium sample
Fig. 7 Tritium nmr microcell assembly.
nmr tube with a pair of narrow Teflon rings (Fig. 7)- 
Carbon tetrachloride is added to the external annular 
space to reduce wobble when spinning. A Tghostf tritium 
reference is generated from the internal TMS proton 
frequency. The product of this frequency and the
Larmor frequency ratio 0)^/0)^  (1.066639738 t 2 x 10 
corresponds to the triton resonance signal of monotritiated 
TMS.
The deuteriated solvent provides a hetero-locking 
frequency for the field of the Bruker WH90 spectrometer 
used in these studies. If the sample is a neat liquid, 
an external deuteriated lock may be used in the annular 
space.
It is important to know the amount of radioactivity 
present inthe sample since this determines the period 
of time required to accumulate a reasonable spectrum. The 
maximum practical accumulation time is overnight (36 000 
scans) or, for samples of low radioactivity, a weekend 
(150 000 scans). The minimum detectable radioactivity 
for an overnight run is 0 .lmCi per signal under optimum
qO
operating conditions. However, the spectrometer is 
unlikely to stay at optimum performance for such a long
time so a more practical limit is probably 0.5mCi. It
3 9  ' ■■■■■.■ ■■■■■■■■
has been estimated that the latest 400 MHz instruments
could detect as little as lOjlCi of tritium.
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INTRODUCTION
Tritium labelled folic acid (i) and methotrexate (II) 
are both extensively used in biomedical research; in 
most cases a knowledge of the labelled sites is desirable.
COOH
CH— N CONHCHCH CH COOH
./
(I) Folic acid R = H, X = OH
(II) Methotrexate R = CH^, X = NH^
The preparation of the 1 specifically labelled' compounds
by catalytic dehalogenation of 3 1,5 1-dibromofolic acid
2and 3 1,5 '-dichloromethotrexate with tritium gas is 
perhaps the classic example of non-specific labelling
resulting from this particular chemical synthesis. Chemical
' ■ ■ ■ ■■ • 2 ■ ' " ■■■■■• ■ ■ ' ■ ■ ■ . 
degradation indicated that a substantial proportion of
the tritium was located at the C-9 position of both folic
acid and methotrexate.
Several other methods have been used for the isotopic 
labelling of folates and are presented as follows
1) Exposure to tritium gas (Wilzbach).
2) Pt or Pd catalysed H/T exchange in HTO or acetic acid.
3) Pd catalysed H/T exchange in solution with T^ gas.
4) Pd catalysed dehalogenation with T^ gas.
5) Acid catalysed H/D exchange in D^O.
All give different patterns of labelling and to date 
these have been investigated by time consuming chemical 
degradation and physical methods. The isotopic distribution 
in various folate preparations is presented in Table 1.
Table 2. Tritium (or deuterium) distributions in various 
folate preparations.
Method of Tritium (or deuterium) distribution (%) Method of
' ■ ‘ * . . ' '■ ■ ■ 1 R«f * -i. ‘ ■
preparation glutamic acid jj-ABA pteridine analysis |
2' ,6' 3' ,5' . 7 9 i
FOLTC ACID
1 **7.3 -- 28.k--- — 22.1-- 3
2 -50----------- --50--- . B k
2 0 41 C 2
3 - 58 D - ’ 2
h , 38.5 56 . C 2
5 100 E 5-
METHOTREXATE
2  70---------------   30- B 6
2  38------------     62- B 7 |
29 - , D 2 j
*j)-ABA = £-aminobenzoic acid.
The analytical methods used to determine the labelling 
patterns were:-
A) Zinc reduction then acid hydrolysis of ji-ABGA -ABGA =
- am in obenzoyl glutamic acid).
B) Zinc reduction only.
C) Permanganate oxidation and bromination.
D) Permanganate oxidation only.
E) Proton nmr and mass spectroscopy.
Zinc reduction determines the amount of radioactivity 
in both the pteridine and jd-ABGA moities (Fig. 1). Acid
hydrolysis of the j>-ABGA gives the amount of label present 
in the jd-ABA and glutamic acid residues. The degradation 
products are separated by column chromatography and the 
individual fractions analysed for radioactive content•. 
Permanganate oxidation also cleaves the C-9, N -10 bond but, 
unlike zinc reduction, the tritium at C-9 appears as 
tritiated water which can be freeze-dried over_and counted
It has been shown, though, that under these conditions 
the benzene ring of the j>-ABGA moiety can be destroyed, 
thus labilising any label sited there. Because of this, 
the results from this reaction should be treated with 
care. Tritium in the 3 1,5 positions is determined 
chemically by bromination (Fig. 3)« The tritium ends up 
in the solvent (H 0) where its concentration can be easily
9 10
pterin— CH^-NR—pBGA Zn/HCl » pterin—CH^ HNR—pBGA
p-ABA + glutamic 
acid ■
Fig. 1. Zinc reduction of folates
(Fig. 2).
9 10 [0]
pterin—CH^—NR—pBGA ■ pterin—COOP -1- HNR-pBGA
labile positions
Fig. 2. Permanganate oxidation of folates.
pterin—NR* CO-GA
T
Br
* pterin—NR CO-GA .+ HTO
Br
Fig. 3* Bromination of folates.
measured.
The work presented here illustrates the advantages
9of tritium nmr spectroscopy for the determination of 
labelling patterns over conventional chemical procedures.
It has also made possible a re-interpretation of previously 
obtained permanganate oxidation results.,^ .
EXPERIMENTAL
[3 f,51,7,9-^H]Folic acid and [ 3 1,5 f,7-^H]methotrexate 
were prepared by catalytic dehalogenation with tritium
gas of the corresponding3 1,51-dibromo- and 3 f,5'-dichloro-
3 3compounds respectively. [7,9- HjFolic acid, [7- H]meth-
otrexate and [7- H]pterin-6-carboxylic acid were prepared
from the parent compounds by catalytic exchange in solution
with tritium gas. As an example, the preparation of
C3 1, 5 ',7,9- H]folic acid is outlined below, a similar
procedure being employed for the other compounds. Details
of weights, reaction times and yields are given in Table 2.
Deoxygenated solvents and nitrogen-flushed tanks were
used throughout to prevent decomposition of the air-sensitive
compounds.
3 *,51-Dibromofolic acid (60.5 mg) and 10% -palladium 
on calcium carbonate (151-2 mg) in h% potassium hydroxide 
(4 ml) were stirred with 50 Curies of tritium gas for if 
hours. The tritium uptake was 40 Curies. The mixture 
was filtered into a flask containing glacial acetic acid 
(l ml) and the residue was with a little potassium hydroxide 
solution. The filtrate, after testing for acidity, was rotary 
evaporated to dryness whilst keeping the temperature 
below 40°C. This was repeated three times to remove labile 
tritium.
The residue was then dissolved in potassium carbonate 
solution (0.5 ml, 0.5%) and applied to four sheets of 
Whatman 3MM paper and run in potassium carbonate (0.5%)
1) 
Prepared 
at 
TRC. 
2) 
Koch-Light. 
3) 
Aldrich. 
*») 
American 
Cyanamid. 
: 
5) 
Sigma. 
6) 
0.5% 
Na^CO,
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during the day (4-6 hours). The folic acid band was 
identified by a marker (yellow in white light and U.V. 
absorbing) and by autoradiography. The value was about 
0.6 . (Incidentally, methotrexate is yellow in white 
light and dark brown under U.V. whilst pterin-6-carboxylic 
acid is colourless in white and blue under U.V. illumination) 
The band was cut out and extracted into water. The activity 
after the first paper was 1.5 Curie.
The extract was then evaporated to 0.5 ml and placed 
on three sheets of paper and run in pyridine :n-butanol:
water (1 :1 :1) overnight, dried, then autoradiographed.
Upon extracting the folic acid band into water, the activity 
after the second paper was found to be 1.0 Curie.
The extract was again evaporated to 0.5 ml and placed 
on three sheets of paper and run in potassium carbonate
(0.5%) for five hours. The papers were then dried and 
autoradiographed and the radioactive band cut out and 
extracted into water. The yield after the third and final 
paper was 0.58 Curie.
The specific activity was determined by measuring 
the U.V. absorbance of the tritiated folic acid in 0.1M NaOH
_ 4 _ -1 -j 0
at 288 nm, £ = 2 6  000 M cm . For methotrexate in
■ 11
0.1M NaOH three U.V. absorbances were measured; 257 nm,
£ = 23 000 M  ^ cm ^; 302 nm, £ = 22 000 M  ^ cm *; 370 nm,
_ \ _ 1
£ = 7 000 M  cm , and the mean used to calculate the
specific activity. The extinction coefficient of pterin-6- 
carboxylic acid in O.lM NaOH was determined at 276 nm 
(e = 25 400 M * cm *) and 364 nm (s = 11 500 M * cm * ).
These values were used to calculate the specific activity 
of tritiated pterin-6-carboxylic acid. Radioactive samples 
were counted in Triton-X 100 liquid scintillant.
Triton and proton nmr spectra were obtained on a 
Bruker WH 90 spectrometer operating in the Fourier transform 
mode. Tritiated samples contained 50 mCi of radioactivity, 
except for [7- H]pterin-6-carboxylic acid which contained 
25 mCi.
ALKALINE PERMANGANATE OXIDATION PROCEDURE
Radioactive sample solution (2 ml )~ was_ ad justed to 
approximately pH 9 by addition of equal quantities of 
potassium carbonate and bicarbonate. To this solution 
was added potassium permanganate (ca. 5 mg). For folic 
acid the oxidation was left for an hour; methotrexate, 
overnight; pterin-6-carboxylic acid, hour; 4-amino- 
benzoic acid, 4 hours. After this time, labile tritium 
was freeze-dried off and counted.
o
[3,5- H]4-Aminobenzoic acid obtained impure from The 
Radiochemical Centre was purified by paper chromatography 
in ethanol:ammonia:water solvent (80:4:6) to approximately 
70% radiochemical purity.
RESULTS AND DISCUSSION
TRITIUM NMR SPECTRA
The tritium nmr spectra (Figs. k and 5) sho w  that
catalytic halogen/tritium replacement in 3 f5 '-dibromo-
folic acid and 3 f,5 '-dichloromethotrexate gave, in addition
to label at these sites, a substantial amount of label
at the 7- and, in the case of folic acid, the 9- position.
Steric hindrance of the N -10 methyl group to the laying
down on the catalyst surface of methotrexate is the probable
cause of the lack of label at the 9- position in this
compound. That these positions are catalytically labile
is shown by the fact that catalytic exchange in solution
with tritium gas- of folic acid and methotrexate introduces
a label into these fnon-specificf positions. Also, the
proportion of tritium in these general positions increases
with respect to the specific positions with increasing
reaction time. Here, therefore, is a method of improving
the specific activity of these compounds. However, it
must be borne in mind that a prolonged reaction time will
lead to an increase in the amount of impurities and
consequently low chemical and radiochemical yields. The
reaction times for the dehalogenation of 3 1,5 1-dibromofolic
acid (1i hour) and 3 1,5 1-dichloromethotrexate (overnight)
reflect the relative reactivities of these halogens to
1 3hydrogenolysis.
. o
The chemical shift of the tritium signal from [7- H] 
pterin-6-carboxylic acid (III) (Fig. 6 ) provides unambiguous 
identification of the 7- tritium signal of methotrexate
Fig. k. Proton and triton nmr spectra of* folic acid.
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Fig. 5 . Proton and triton nmr spectra of methotrexate.
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Fig. 6. Proton and triton nmr spectra of pterin-6- 
carboxylic acid.
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and folic acid. This label is not due to 7-halo- impurities 
in the precursors; integral analysis of the proton nmr 
spectra of 3 1,5 1-dibromofolic acid (Fig. 7) and 3 *,5 f- 
dichloromethotrexate (Fig. 8 ) indicates that the 7- position 
is free from halogen substitution.
An interesting point to arise out of this work is
that pterin-6—carboxylic acid is labelled to almost
theoretical maximum specific activity (20 Ci mmol ) by
the catalytic exchange in solution with tritium gas technique
Whilst it is known that this method is not suitable for
14
benzene protons, it has not been attempted on nitrogen
15heterocycles such as pyridine or quinoline and might 
prove to be a fruitful field of study.
THE MECHANISM OF THE EXCHANGE REACTION
The high reactivity of the 7- position of folates 
towards catalytic isotope exchange is seen more clearly 
by correcting the percentage isotopic incorporations for 
statistical factors (Table 3)•.'Such a correction reveals 
the relative reactivities of the labelled sites. The 
8- position of a purine ring (IV) may be considered to be 
chemically similar to the 7- position of folates. In
Fig. 7- Proton nmr spectrum of 3 1,51-dibromofolic acid.
HDO
06 37 5 2 19 8 410
Fig. 8 . Proton nmr spectrum of 3 ?,5f-dichloromethotrexate.
(DMSO-d/-)
Table 3-
Relative reactivities of labelled positions in folates.
Folate 3 ', 5 f 7 9
[31,5 *,7,9-3H]folic acid 21.3 25.5 16
[7,9-^H]folic acid 59 20.5
[3 1,5 1,7-^H]methotrexate 21.5 57 0
0
[7- H]methotrexate - 100 0
R
(VI)
view of the fact that purines are very susceptible to 
catalytic exchange at this site it is not surprising, 
therefore, that the corresponding folate position shows 
similar behaviour.
The mechanism of the catalysed isotope exchange reaction 
' 17 ■
is thought to involve a free radical chemisorbed at the 
catalyst surface, as in the following scheme
RH + M ;==£ (RM)* + H*
T + M (TM) * + T*
(RM)* + (TM)* ? = ±  (RTM) + M
(RTM) RT + M
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A tritium atom formed by dissociation of a molecule of
tritium gas on the catalyst surface, combines with the
radical (RM)* prior to desorption of the compound. This
explains the high molar specific activities obtained and
the fast rate of the exchange reaction. Dissociation of
a tritiated water molecule (from the solvent) on the catalyst
surface would be expected to give slower exchange because
l8higher temperatures are required to compensate for the 
higher dissociation energy of 0-T. It is possible, however, 
that the reaction mechanism is not homolytic, but involves 
an adsorbed anion intermediate (RM) rather than a radical- 
The disadvantage with an ionic mechanism is that the 
surface sites of the metal catalyst are required to accomodate 
both anions and cations.
VARIATION OF CATALYST BATCH
The use of a different batch of catalyst can lead 
to a totally different pattern of labelling. Figure 9 
shows the tritium nmr spectrum of folic acid labelled by 
halogen/tritium replacement with a different batch of 
10% palladium on calcium carbonate to that used in the 
main work. The distribution of label is as follows:-
3 ,,5r-, 73-1%; .9-, 24.1%; 7-, 2.8%. The low incorporation 
of label at the 7- position suggests that this site is 
very sensitive to changes in catalyst morphology. Hetero­
geneous catalysts are very ill-defined materials, the 
active sites often being associated with surface irregularities 
such as steps or wedges. A large.molecule, such as folic
185
Fig. 9- .^ H nmr spectrum of [31,51,9-^H]folic acid.
acid, has fewer degrees of freedom in adsorption onto
these active sites which must have just the right geometry. 
Another low incorporation of tritium at the 7- position 
has been reported by Evans and associates. We see now 
that their value of 10% was probably due more to the 
particular catalyst batch than errors in chemical degradation 
analysis. When labelling folic acid to high specific
activity, therefore, it is a wise precaution to check
that the catalyst gives the desired labelling pattern.
PERMANGANATE OXIDATION OF FOLATES
It can be seen from Table ^ that alkaline permanganate 
oxidative degradation and subsequent labile tritium
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Table 4.
Labile tritium after permanganate oxidation of various 
tritiated folates: Comparison with tritium nmr results.
♦mean of duplicate analyses.
determinations agree with tritium nmr analyses for tritium 
at the 9- position of folic acid and methotrexate for 
preparations not labelled in the benzene ring. That the 
extra labile tritium on oxidation of the benzene ring 
labelled compounds is not due to the 7- position of the
o
pterin moiety is shown by the oxidation of [7- H]pterin-
■ ■V". .'■■■■ o
6-carboxylic acid. [3,5- H]p-Aminobenzoic acid gave 
approximately 100% labile tritium on oxidation, suggesting 
that the extra labile tritium from the benzene ring labelled 
compounds came from these positions.
The alkaline permanganate oxidative degradation 
cleaves the folic acid and methotrexate at the C-9 , N -10 
linkage (see Fig. 2). Tritium at the labile positions of 
the oxidation products can be readily determined. But the
Compound
3Distribution of Labile H after 
label (tnmr)(%) permanganate
3 1,5 1 7 9 oxidation*(%)
[7,9-3H]folic acid
[3',5',7,9-3H]folic acid
O
[7- H]methotrexate
[31,51,7-^H]methotrexate
[7- H]pterincarboxylic acid
42.5 25-5 32
43 57
0 100
0 59 4l
100
0
0
42.4
41.8
21.2
8.0
8.0
/vlOO
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present work shows that the p-aminobenzoylglutamic acid 
moiety is also susceptible to oxidation but to a lesser 
extent because this secondary oxidation does not go to 
completion under the conditions employed- Overnight 
oxidation of folic acid - a s  opposed to one hour - gave 
48-3% labile tritium. A recent paper by Maruyama and
•■■ g
associates has thrown an interesting light on these findings. 
These workers have shown that folic is quantitatively
100
80.
60 -
20 -
400 10 20 30 50
time of oxidation (min)
Fig. 10. Time course for oxidation of folic acid by 
alkaline permanganate.
cleaved by permanganate oxidation after only a minute at 
room temperature (see Fig. 10). The p-aminobenzoyl­
glutamic acid fragment then undergoes further slower
oxidation to give unknown products. We can now see why
2
Evans and his colleagues initially thought that methotrexat
was labelled at the C-9 position. Here, the benzene
ring labelled compound gave 29% labile tritium upon
oxidation (see Table l). A clue to the oxidation products
of p-aminobenzoylglutamic acid lies in the fact that
most of the tritium on oxidation of [3,5- H]p-aminobenzoic
8acid appears as labile material. Maruyama suggests that 
ring opening might occur to give an aliphatic compound.
DECOMPOSITION OF FOLIC ACID
10 9 7 68 5 3 24 01
H nmr spectrum showing decomposition of folic acFig. 11
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All radiochemicals are prone to decomposition - tritium
-JQ
compounds more so than carbon-1^ - and tritiated folic 
acid is no exception. The tritium nmr spectrum of [3?,5f- 
7,9-^H]folic acid run after 7 days (Fig. 1l) - 50mCi 
sample was kept sealed in an nmr microcell at +4°C - shows 
the appearance of two new signals as well as a bulge on 
the 3 1,5?- triton signal. This suggests that decomposition 
has occurred via cleavage of the C-9, N -10 bond to give 
pteridine and p-aminobenzoylglutamic acid moieties. The 
chemical shift of the postulated pteridine fragment compares 
favourably with that from the 7-triton in [7- H] pterin.-r6~ 
carboxylic acid (Fig. 6 ). Possible structures for the 
decomposition products are given (V), (VI). The X group
COOH •
•CONHCHCH-CELCOOH
OH
(V) (VI)
X = -D or -0D
arises from solvent (D^O) addition to the appropiate 
radical produced by radiation-induced bond cleavage.
In this case, decomposition has been accelerated by
the relatively high radioactive concentration (50 mCi in
2080 |Jll) and storage temperature. It is recommended that 
solutions of tritiated folic acid at high specific activity
are stored at -20°C in 1% ascorbic acid at pH 3- Under 
these conditions the radiochemical purity remains above 
95% for up to ten weeks.
SUMMARY
Tritium nmr studies have shown that an appreciable 
amount of tritium appears at the 7- position of folic 
acid and methotrexate as well as at the 9- position in 
the case of the former, when these compounds are prepared 
by catalytic exchange in solution with tritium gas. 
Furthermore, the pattern of labelling is crucially dependent 
upon the batch of catalyst. Alkaline permanganate oxidative 
degradation provides a quick and cheap method of determining 
the proportion of tritium at the C-9 position but care is 
necessary in evaluating the results. ^ ; —
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INTRODUCTION
The heterogeneous metal catalysed hydrogenation of 
alkenes has attracted considerable attention for many 
years. Mechanistic studies of this reaction have mainly 
been centred on kinetics, distribution of reaction products 
and the use of deuterium as an isotopic tracer. The 
interaction of deuterium with an alkene in the presence 
of a catalyst may lead to three possible reactions:
a) direct addition across the double bond,
R C H = C H R » + D ------ » RCHD— CHDR1 ;
b) alkene exchange, i.e., H-D exchange on the alkene,
R C H = C H R 1 + D2 ------- > R C D = C H R f + HD ;
c ) hydrogen exchange, i.e. , the formation of HD and H^ 
These reactions may occur independently of each other.
Alkene exchange reactions were first shown to occur 
on the surface of nickel catalysts by measuring the extent 
of dilution of deuterium by hydrogen as a function of 
thermal conductivity. It was not until the development of 
mass spectrometry and, to a lesser extent, nuclear magnetic 
resonance spectroscopy (proton), that significant advances 
were made in the understanding of the mechanism. Mass 
spectrometry furnishes information on the relative yields 
of deuteriated isomers of product (e.g. CJH D where x ■+ y
= 6 ) or starting material (e.g. C H D where x + y = A ).
™ y*
In favourable cases where resonances are sufficiently 
resolved, proton nmr gives only an estimate of the average 
number of deuterium atoms located at various positions
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within a compound.
Tritium, together with its direct analysis by nuclear 
magnetic resonance spectroscopy , has great potential as 
a tracer in the study of* catalytic processes. Not only 
can the above information be obtained with relative ease, 
it is also possible to determine the relative amounts and 
type of multiply-labelled species present in a tritiated 
compound. For example, in the case of triply-labelled 
isomers of, say R-CH^-CH^, the species R-CH^-CT^, R-CHT-CH^T, 
and R-CT^-CH^T can be readily distinguished and their 
relative concentrations determined. Such information would 
be almost impossible to obtain by mass spectral analysis, 
except in the most simple cases. The present work is 
concerned with just such an application of tritium nmr 
to the mechanism of catalytic reduction of a terminal 
double bond. Before undertaking such a discussion, however, 
it would be wise to acquaint ourselves with the generally 
accepted mechanisms of alkene hydrogenation.
Current theories have recently been reviewed by
3  4  24
Webb ’ and Ozaki It is well established that chemi-
sorption of an alkene precedes its hydrogenation. The
associatively-adsorbed alkene has two possible structures,
namely either TT-adsorbed (I) or d-diadsorbed (II), a surface
adsorption site being represented by *. It is the tt-
adsorbed species that is the most significant in the
■ ■ 5
hydrogenation reaction . Direct addition of a hydrogen
molecule across the double bond does not occur. Instead, 
an adsorbed alkyl radical (III) is formed as a relatively
. XI
RCH = C H R 1  — — > RCH CH R'
I I 2 (hi)
*  *  -
stable reaction intermediate. This may then react further : 
with a hydrogen atom to yield the gas-phase alkane (IV).
RCH CH R'  —  * r c h   CH R» + [*]
* (IV) ~ ^
Once formed, the alkane is unreactive under the conditions 
generally used for alkene hydrogenation and its readsorption 
onto the surface can be neglected .
The processes of alkene exchange and double bond 
migration, observed to occur concomitant with hydrogenation, 
may be accounted for by assuming that formation of the 
adsorbed alkyl radical (III) is reversible. Alkene exchange 
then procedes in the following way
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and the mechanism for double bond migration may be written 
RCH C H = C H R * — RCH CH CH R' RCH===CHCH R».u , J w | I
* * ★
If the reversal of alkyl formation is rapid compared to 
further hydrogenation of the adsorbed alkyl radical to 
alkane, an increase in the amount of deuterioalkene or 
extent of double bond migration will result. Thus it 
-would- be expected that correlations exist between the 
abilities of various metals to catalyse alkene isomerisation 
and exchange. This is indeed the case, with palladium 
being a good catalyst for these processes and platinum 
relatively ineffective.
With alkenes possessing one or more a-CH^ groups, 
alkene exchange and isomerisation could occur through the 
formation of an adsorbed Tr-allylic intermediate (V) . T h e  
appropriate mechanism for both processes is
RCH0C H = = C H R f
I
■ *
where X = H or D.
RCHXCH === CHR *
-H * RCH-^— CH— — CHR 1 +X
RCH===CHCHXR»
(V)
The source of hydrogen atoms for the mechanisms
described here is uncertain but several possibilities exist. 
Molecular hydrogen may be dissociatively adsorbed,
H (gas) + ■ 2[ ».] » H +
^ I
. v - v - ■•■■■■ "■ - . . -V. . '-vv: , :v. ...... j. . ■ vv.-
... ..... . . | ■ <1 .
or it may interact with chemisorbed alkene,
h \
■ ■.x.-:
v-> RCH = C H R 1 + H n — --> RCH-- -CH R ’ + H .
• ' . . ; I 2  : 2  I
I I I
* * , *
Hydrogen transfer may occur between associatively adsorbed 
hydrocarbon species,
RCH===CHR* + R CH— - CH R'  — » R C H — CHRf + RCH===:CHRr ,* dt u
or between associatively adsorbed alkene and a dissociatively 
adsorbed hydrocarbon residue, C H ,
  ^ y . . . .
C H  (ads. ) + RCH=CHR1  >C H ' (ads.) +-RCH_---CHR*x y | x y -1 2 j
followed by
A surprising degree of unsymmetrical labelling has 
been observed after catalytic reduction of a double bond 
with deuterium or tritium gas* An example of this is 
the preparation of tritium labelled dihydroalprenolol , 
an important (3-adrenergic antagonist* Reduction of alprenolol 
(VI) with tritium gas in the presence of 10% palladium 
on charcoal catalyst affords [ H]dihydroalprenolol (VII)*
OH
OCH CHCHJNHCH (CH0 ) 0 2 2 3 2
CH -— C H = C H rt 
2 2
OH
Q
(VI)
OCH CHCHJNHCH(CH^ )
CH CHCH
(VII)
The tritium nmr spectrum of (VII) showed that the ratio of 
tritium in the three positions of the propyl side chain 
was 1 :3.6:10 for the 1-methylene, 2-methylene and 3-methyl 
positions* Exchange into the benzylic methylene group
-■ ■ io
is typical of these catalytic conditions . In order to 
explain the high proportion of tritium in the 3-methyl 
group compared with that in the 2- position it has been 
suggested that the solvent (water) is involved in the 
reduction*
This type of unsymmetrical labelling was first reported 
12by Bonner and McKay in I960* 3-Phenyl-l-butene (VIII)
(VIII)
CH.
CH— CH: :CH
(IX)
CH.
CH -CH. •CH.
was reduced in a deuterium atmosphere with a variety of 
catalysts, and the deuteriated 2-phenylbutane products (IX) 
were examined for their side chain deuterium distributions 
by proton nmr (Table 1). The palladium catalysts show
Table 1. Deuterium distribution in 2-phenylbutane obtained 
by catalytic reduction of 3-phenyl-l-butene with 
deuterium (ref. 12).
% distribution 
Catalyst C-l C-2 C-3 C-4
Pd on C 8 9 26 59
Pd on CaCO^ 10 3 25 62
PtO - 3 7 44 46
Raney Ni 1 3 49 46
similar isotope distributions to those observed in [ Hidihydro­
alprenolol but the PtO and Raney nickel catalysts give 
mainly.even addition of isotope across the double bond.
When 3-phenyl-1-butene was reduced to 50% completion with 
a palladium catalyst, the unreacted alkene contained some 
deuterium at C-l (corresponding to C-4 in 2-phenylbutane). 
2-Phenylbutane showed no exchange under similar reaction 
conditions. This implies that incorporation of the extra 
deuterium at C-l in 2-phenylbutane occurs during the 
reduction by either exchange or hydrogen migration. These 
workers, however, were unable to distinguish between these 
two processes with the analytical techniques available to 
them at the time•
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EXPERIMENTAL
Palladium, platinum, rhodium and ruthenium catalysts 
supported on charcoal were obtained from an Englehard 
Industries evaluation set. Raney nickel was prepared as
follows and used within 2k hours. To a solution of sodium 
hydroxide (50 ml, 2M) was slowly added Raney nickel alloy 
(50:50 Ni:Al, 3.5 g) over 20 minutes with stirring at 90- 
98°C. This mixture was stirred for a further hours 
thereafter, at 90°C. After decanting and washing to neut­
rality (universal indicator paper), the catalyst was stored 
in absolute alcohol.
Both silica gel and silica gel/20% AgNO^ TLC plates 
were prepared in these laboratories. The silver nitrate
plates were stored in a fridge in the dark until needed.
3
JL—[propyl-2, 3- H]Dihydroalprenolol marker for chromatography 
was obtained from The Radiochemical Centre. 96% Ethanol 
was used throughout unless stated otherwise.
PREPARATION OF [3H]DIHYDROALPRENOLOL
Reaction conditions for various catalysts are given 
in Table 2 and a typical reduction proceeded as follows.
A mixture of 10% palladium on charcoal (10 mg) and alprenolol 
tartrate (Sigma, 6 mg) in ethanol (l ml) was stirred with 
tritium gas (2.5 Ci) for 2 hours. After this time, the 
catalyst was filtered off and the residue washed with 
distilled water. The filtrate was basified with sodium 
hydroxide solution to convert the product to the free base.
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This was extracted thrice with chloroform, the extract 
being washed with water to remove traces of sodium hydroxide. 
After drying (NagSO^) the chloroform was removed by rotary 
evaporation. The residue was dissolved in ethanol and applied 
to silica gel plates impregnated with 20% silver nitrate.
These were run in the dark in methanol:benzene:water 
(15 :2:3) for about 2 hours- The product R^ », as shown by 
the authentic [propyl-2,3- H]dihydroalprenolol marker, 
was around 0.3-0.7- Variations in R^ . were probably due 
to non-reproducible characteristics of the silver nitrate 
plates. The required spot was scraped off and extracted 
into chloroform (ethanol was initially used but this carried 
over some silver nitrate). Radiochemical purity was 
determined on silica gel plates in ethanol :benzene :water 
(10:10:1) solvent. The R^ . of product in this system was 
0.7-0.8. It was not possible to determine specific activities 
because U.V. spectra of the product in ethanol showed the 
presence of inactive chemical impurities. Since the primary 
objective of the work was to obtain tritium nmr spectra 
of dihydroalprenolol, it was not considered necessary to 
purify the product any further once radiochemical purity 
had been established. After evaporating off solvent, the 
residue was dissolved in either CD^OD or CDCl^ (the latter 
was a better solvent) and the tritium nmr spectrum obtained 
as described in Chapter 3*
Reduction of alprenolol catalysed by palladium was 
more efficient with a shorter reaction time (Table 2).
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The radiochromatogram of the crude product from a 2 hour 
reduction showed two other relatively large radioactive 
spots at R^ , 0.1 (ll mCi) and 0.9 (4 mCi). The tritium nmr 
spectra of these by-products were identical to that of
o -V
the main product, [ H]dihydroalprenolol. This suggests 
that long reaction times (>f hour) result in cleavage of 
certain bonds of the l-oxy-3-isopropylamino-2-propanol side 
chain.
SAMPLES FOR PROTON NMR OF ALPRENOLOL AND DIHYDRO ALPRENOLOL
Alprenolol tartrate (ca. 40 mg) was dissolved in 
ethanol (4 ml) and sodium hydroxide added to convert to 
the free base which was then extracted into chloroform.
This was then washed with water to remove ethanol and 
sodium hydroxide and then dried (Na^SO^). Chloroform was 
removed by rotary evaporation to give ca. 10-20 |ll of the 
free base. The residue was dissolved in CD^OD (100 ptl) 
which was evaporated thrice to remove traces of the hydrogen- 
containing solvent. Finally, the residue was dissolved 
in CD^OD (100 [ll), TMS added and the contents sealed in 
a 3mm microcell prior to the proton nmr spectrum being 
obtained at 90 MHz.
The material in the nmr tube was next mixed with 10% 
palladium on charcoal (80 mg) in ethanol (20 ml) and 
shaken with hydrogen for 1 hour. After removing catalyst 
and solvent, the residue was dissolved in CDCl^ (100 Ul); 
proton nmr spectroscopy showed that no further purification 
was necessary.
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RESULTS
XH AND 3H NMR SPECTRA
Catalytic hydrogenation of alprenolol gives dihydro­
alprenolol as shown by the proton nmr spectra (90 MHz) 
of Figures 1 and 2. The spectrum of alprenolol (CD^OD solvent) 
integrates as expected for the known structure. The signals 
of interest here are the multiplets at 5 4.9, 5*1 and 
6.0 which arise from the three vinylic protons on the 
propene moiety. These signals do not appear in the spectrum 
of dihydroalprenolol (CDCl^ solvent). This spectrum is 
similar to that of n-propylbenzene in the aliphatic region.
The chemical shift assignments are 3-methyl, 6 0.93; 2-methy- 
lene, 6 1.60 and 1-methylene, 5 2.59*
Catalytic hydrogenation of alprenolol with tritium 
gas affords [ H]dihydroalprenolol. The tritium nmr spectra 
of this compound prepared with various catalysts are shown 
in Figures 3-6. The product from palladium catalysed 
reduction (Fig. 3) gave three signals, each of which 
comprised several lines. The chemical shifts of these 
multiplets at 6 0 .87, 1»53 and 2.58 correlate well with
those for the three signals from the propyl side chain of 
dihydroalprenolol. The signals in the other spectra (Figs.
4-6) also showed good agreement. No exchange of tritium 
into the aromatic ring was observed. Tritium distributions 
are given in Table 3- It was hot possible to establish 
the presence of tritium at C-l with Raney nickel or at
1
Fig. 1. H nmr spectrum of alprenolol.
N-Pr
=CH
6 37 5 4
Fig. 2. H nmr spectrum of dihydroalprenolol.
3 "3 ' '
Fig. 3- H nmr spectrum of [ H]dihydroalprenolol prepared
with PALLADIUM catalyst.
026 38 7 5 110 9 A
o 3
Fig. 4. H nmr spectrum of [ H]dihydroalprenolol prepared 
with PLATINUM catalyst.
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Fig. 5» H nmr spectrum of [ H]dihydroalprenolol prepared 
with NICKEL catalyst*
j j,.... .. ... . . . ... |------- p --- -I— "— T ------- 1— r ~ ~ .
10 9 8 7 6 5 4 3 2 1 0 6
O ■ ■ ■ O v . '
Fig. 6. H nmr spectrum of [ H]dihydroalprenolol prepared 
with RHODIUM catalyst.
0 669 8 7 5 3 2 110 4
Table 3- Distribution of tritium in [ H]dihydroalprenolol 
prepared by reduction of alprenolol with 
various catalysts.
% distribution in propyl moiety
Catalyst 5 2.58
C-l ...
1.53
C-2
0.87
C-3
10% Pd on C 8.5 25.6 65.9
5% Pt on C 5.2 45.4 49.4
Raney Ni ND 45.5 54.5
5% Rh on C ND 100 ND
ND - not detected
C-l and C-3 with rhodium catalysts because the very low 
radiochemical yields (Table 2) resulted in very noisy 
spectra. In fact, these two spectra (Figs. 5 and 6 ) were 
acquired over about 90 hours (206 000 scans0 .~ ~Tlse of a 
ruthenium catalyst gave only 0.4 mCi of product which was 
insufficient for a tritium nmr spectrum. The low yield 
with Raney nickel is surprising, especially when compared 
with Bonner and McKay’s results. Ideally, standard 
reaction conditions should have been established for each 
catalyst but time did not permit this.
ANALYSIS OF 3H NMR SPECTRA
Each signal of the proton-decoupled tritium nmr spectra
consisted of several lines caused by vicinal triton-triton
spin splitting and geminal polytritiated species as well as
the usual monotritiated species. These patterns are shown
15
up clearly by applying a resolution enhancement technique
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to the observed spectrum. The resolution enhanced spectra 
of [H]dihydroalprenolol products arising from use of 
palladium and platinum catalysts are given in Figures 7
and 8, respectively. The tritium isotope effect on
■■■
chemical shifts is sufficient to resolve signals arising 
from either multiple tritium substitution at one site 
(primary isotope effect, ca. -0.02 - -0.03 ppm) or at 
vicinal sites (secondary isotope effect, ca. -0.01 ppm).
Thus,.referring to the Figure 7 spectrum, the three large 
singlets in the methyl multiplet at 6 0.93, 0.90 and 0.87 
can be assigned to mono- (-CH2T), di- (-CHT2 > and trl- (-CT^) 
tritiated methyl groups, respectively. Similarly, the 
singlets at 5 1.-58 and 2.59 can be attributed to 0-CH2-CHT-CH^ 
and 0-CHT-CH -CH monotritiated species, respectively.
“ J
The other lines in the spectrum arise from triton-triton 
spin coupling of vicinal di- and polytritiated species.
The spectrum is, therefore, a superimpositxon of simpler 
spectra arising from the various tritiated species present 
in the nmr solution. These species were identified and 
their relative amounts estimated by unravelling the 
elementary splitting patterns from the complicated experi­
mental spectrum.
The value of the tritium vicinal coupling constant,
J,p ,p, was obtained from the proton value in n-propylbenzene
where Jjj jj = 7-3 Hz. ^ is related to Jjj ^ by the
2 2 ■ 
relationship J^ , ,p = Jjj x 1.0666 such that ^ = 8.2 Hz.
It was now a relatively easy task to identify the various
211
o o
Fig. 7- Resolution enhanced H nmr spectrum of [ H]dihydro 
alprenolol prepared with PALLADIUM catalyst.
62.5 2.0 1.5 0.51.0
O *5
Fig. 8. Resolution enhanced H nmr spectrum of [ HQdihydro- 
alprenolol prepared with PLATINUM catalyst.
2.0 0.52.5
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Fig. 9- Theoretical reconstruction of H nmr spectrum of 
[3h ]dihydroalprenolol prepared with PALLADIUM 
catalyst. c
a) 0-ch2-ch2-ch2t
b) 0-CH2-CH2-CHT2
c) 0-CH2-CH2-CT3
d) 0-CH2-CHT-CH3
e) 0-CHT-CH2-CH3
f) 0-CH2-CHT-CH2T
g) 0-CHT-CHT-CH.
h) 0-CH2-CHT-CHT2
i) JEJ-CH_-CHT-CT  ^ 3
Combined spectrum
i i
3
Fig. 10. Theoretical reconstruction of H nmr spectrum of 
[3h ]dihydroalprenolol prepared with PLATINUM 
catalyst..
a) J0-CH -CH -CH T
b) £f-CH_-CH_-CHT,
c) 0-CH -CH.-CT
d) 0-CH -CHT-CH
e) 0-CHT-CH -CH,
f) ^-ch2-cht-ch2t
g) 0-cht-cht-ch3
S.f*
Combined spectrum
vicinal multiplets. Line intensities were obtained by
e- ‘ y 7
comparison with published details of AB, A B and A B 
type spectra. Reference intensities for these splitting 
patterns were provided by the smaller lines of the terminal 
methyl multiplet in Figure 7• Signal intensities were 
obtained from an integrated resolution enhanced spectrum. 
Similar operations were performed on the spectrum in 
Figure 8. Theoretical reconstructions of the experimental 
spectra are given in Figures 9 and 10. The A B and A-B 
spectra have been reduced to first order form for simplicity.
*- 15
Any routine leading to an improvement in resolution 
results in a) loss of signal to noise ratio or b) a line- 
shape distortion or c) both. The first effect has resulted 
in loss of the benzyl triton in Figure 8 . If some lines 
of a spectrum have not the same shape they will undergo 
different corrections. This consideration is especially 
important here because although some of the lines in the 
theoretical spectra are directly superimposable (resulting 
in an additive intensity), this may not be the case in 
the experimental spectra. However, the separate line 
integrals from both resolution enhanced and unenhanced 
spectra were comparable implying that lineshape distortion 
is not a serious problem here.
Nine different tritiated isomers were identified in 
the product from palladium catalysis and their chemical 
shifts are given in Table 4. Platinum catalysis gave
Table k. Triton chemical shifts of tritiated isomers of 
[^H]dihydroalprenolol* (CD OD solvent, internal 
TMS). J
H isomer Splittingpattern
Chemical shift 
A
(6 ppm) 
B
0-ch2-ch2-ch2t A 0.93
0-ch2-ch2-cht2 A2 0.90
0-ch2-ch2-ct3
A3 0.87
0-CH -CHT-CH T
cL . &
AB 0.91 1-57
0-CH -CHT-CHTG* . . .• dt .
CQCM
<
0.88 1.57
0-CH -CHT-CT 
2 ■ " j A3B
0.86 1.56
0-CH -CHT-CH A 1.58
0-CHT-CHT-CH^ AB 1.58 2.58
0-CHT-CH -CH
^  j
A 2.59
seven isomers and their relative yields are compared with 
those from palladium catalysis in Table 5* Line broad­
ening, caused by long range spin coupling, of the signals 
from benzylic tritium suggest the presence of varying 
amounts of tritium on the terminal methyl group.
The specific activities in Table 5 were calculated 
by a summation of the individual specific activities of 
the various tritiated species according to the equation
i = 9 x ; vV/v';
Total specific activity = 29^ x 100^i *
where n is the number of tritium atoms in species i at
Table 5- Relative yields of tritiated isomers of [ H]di­
hydroalprenolol prepared with PALLADIUM and 
PLATINUM catalysts•
% Yield
isomer PALLADIUM PLATINUM
0-CH2-CH2-CH2T 8 33
0-ch2-ch2-cht2 15 18
0-CH -CH -CT 18 8
0-CH -CHT-CH T 8 . 1 0
0-CH_-CHT-CHT 17
d d
0-CH -CHT-CT 16
0-CH -CHT-CH 8 27
2 j
0-CHT-CHT-CH3 ' 4 / 2
0-CHT-CH -CH k 2
j
■■■ ^
Specific activity (Ci mmol ) 70 h2
relative percentage abundance x. The value for palladium
catalysis agrees well with the figure for the material
. . ■ _ ^
supplied by The Radiochemical Centre (60 Ci mmol ) prepared
by the same method and is certainly within the estimated
accuracy (15%) of this application of quantitative nmr
integral analysis.
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DISCUSSION
EFFECT OF SOLVENT
Cerveny and Ruzicka have studied the effect of 
various solvents on the rate of hydrogenation of 3-phenyl-
1-propene (X) catalysed by 5% platinum on silica (Table 6 )
This compound, which may be considered a model for alprenolol, 
showed rapid reduction in cyclohexane compared with 1,4- 
dioxan which gave the slowest hydrogenation rate.
Table 6. Hydrogenation rates of 3-phenyl-1-propene in 
various solvents (ref. 1*0 .
Rate
2
(X)
Solvent ml H 2 min*1 Scat_1
Cyclohexane 90.0
Methanol 75-6
Benzene 55-5
Diethyl ether 49.2
Toluene 40.1
Ethyl acetate 10.5
1,4-Dioxan 6.2
Alprenolol has been reduced with a palladium on
9
charcoal catalyst in water by Altman et al. and in ethanol
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and ethyl acetate in the present work. Table 7 gives 
the relative ratios of tritium distribution in the product 
arising from use of these solvents. In all cases, the
o
Table 7- Tritium distributions in [ H]dihydroalprenolol 
prepared by reduction of alprenolol by Pd on C 
catalyst in various solvents.
" ■ o
Solvent distribution (ratio) in propyl group
C-l C-2 C-3
Water 1.0 3*6 10
Ethanol 1.0 3-0 7-8
Ethyl acetate 1.0 3-5 9-8
*ref. 9
ratios of isotope distribution are almost identical implying
that the solvent does not play a part in the reduction
l4
mechanism although, as Cerveny and Ruzicka have shown, 
it can affect the rate. A reduction in hydrogenation rate 
may occur by an increasing degree of reversible chemisorption 
of solvent onto the catalyst surface to the exclusion of 
substrate.
EFFECT OF CATALYST
■ ■ 3
The results of tritium distribution in [ H]dihydro- 
alprenolol (Table 3) agree well with Bonner and McKay's 
distributions of deuterium in 2-phenylbutane (Table l), 
prepared with similar catalysts. Isotopic distribution 
seems to be independent of catalyst support. Both Raney 
nickel and platinum catalysts give even addition of isotope
across the double bond whereas palladium and rhodium result 
in unsymmetric addition. The latter two catalysts exhibit 
different selectivities with palladium favouring the 
terminal methyl group and rhodium the 2-methylene position. 
Thus the nature of the catalyst is a very important factor 
in the reaction mechanism.
l8Bond and Rank have studied the abilities of various 
Group VIII metal catalysts to isomerise 1-pentene during 
hydrogenation. They found that double bond migration was 
primarily characteristic of the catalytic metal and only 
slightly affected by support, solvent and structure of 
reactant in accord with the present findings. The ability 
to isomerise the alkene decreased in the order P d > R u > R h >  
Pt>Ir. Nickel has also been found to be an~efficient 
isomerisation catalyst, although this does not appear to 
be the case here.
MECHANISM OF SYMMETRICAL LABELLING
This mechanism has already been described in the
Introduction. However, in addition to vicinal double
labelled species 0-CH2-CHT-CH2T, Table 3 shows that a
large amount of single labelled species arise with the
platinum catalyst. This must come from HT, produced from
an exchange reaction of T^ vrith the solvent in the presence
20of the metal catalyst ,
ROH +-T2 ca.tr.a3-.ys£> ROT + HT.
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A substantial amount of tritium appears in the solvent
after the reaction. From the relative yields of singly
and vicinal doubly labelled isomers it appears that the solvent
exchange reaction is three times as fast as the hydrogenation
reaction.
MECHANISM OF ASYMMETRICAL LABELLING
12Bonner and McKay have shown that the extra label 
at the terminal methyl position is the result of an alkene 
exchange reaction. The isomeric yields of [ H]dihydro- 
alprenolol resulting from palladium catalysis (Table 5) 
show that only the terminal methyl group is multiply- 
tritiated. This could be explained by formation of a 
cf-diadsorbed species (XI) (Fig. ll) where k ^ k ^ .  During
K  k
0-CH_-CH=CH + H 0-CHo-CHo-CHo 0-CHo-CHo-CH + H
2 I ' I k
*  . *  ■.
2 2 1 2 2 2 n i
k 3
-2* ■ . “ ■; ' * * *
+H (XI)
0-CH2-CH2-CH3
Fig. 11. Mechanism for unsymmetrical labelling (A).
the initial stages of the reaction, however, a significant 
quantity of isotope should become attached to C-2 . Bonner 
and McKay have shown that this is not the case so this 
mechanism must be discarded.
Species (IX) could be formed via an intramolecular
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hydrogen shift (Fig. 12). Such a scheme, however, does 
not explain the occurrence of triple labelling on the
0-ch2-ch=ch2
H
0-CH -dH-CH —  0-ch2-ch2-ch
Fig. 12. Mechanism for unsymmetrical labelling (B).
terminal methyl group as well as vicinal double labelling.
A much simpler mechanism which explains the formation 
of the observed tritiated isomers involves simple alkene 
exchange (Fig. 13) where k ^>k^. Formation of the iso-
k4 k50-CH -CH=CH + H 0-CH -CH-CH, — 2-* 0-CH-CH„-CH_
I | k _4 | +H
(XII)
Fig. 1.3* Mechanism for unsymmetrical labelling (C).
propyl intermediate (XII) is favoured on palladium surfaces 
relative to platinum surfaces. The reason for this is 
uncertain. The magnitude of the difference between k ^ 
and kj. is probably relatively large. Thus, during the 
initial stages of the reaction a substantial amount of 
triply-labelled terminal methyl isomer as well as geminal 
doubly-labelled alkene should be produced. It would be 
desirable to test this hypothesis by a partial reduction 
with tritium gas. As the reaction proceeds, tritium gas 
becomes diluted with hydrogen from solvent and alkene 
exchange. In this way, double and mono tritiated terminal
methyl isomers are formed. These unsymmetrical labelling 
processes occur to a small extent on platinum and nickel 
surfaces•
A different mechanism seems to operate for rhodium 
catalysis (Fig. lA) where >k^. It is unclear why
the n-propyl intermediate (XIII) should be stabilised on
ky- k_
0-CH -CH=CH_ + H ^  0-CH-CH -CH ■   0-CH -CH -CH.
I I k fi l ^ + H  Z Z }
* * *
(XIII)
Fig. l4. Mechanism for unsymmetrical labelling (D).
a rhodium surface.
Hirota and coworkers have also observed selective
alkene exchange, this time in propene, with various metal
catalysts in a deuterium atmosphere. Using microwave 
20
spectroscopy they showed that copper- gives CH--CD-CH
2*5with a selectivity approaching 90% at l6% hydrogenation .
Formation of this deuteriated isomer is also favoured on 
26 'nickel whereas no preference is observed on palladium,
25' ■ ' : 27rhodium or platinum at room temperature. Matsuzaki
29 ' ■ 2
and Bur we 11 have used nmr to identify C2- H] 1-hexene
as the major product of 1-hexene exchange with D on a
copper-chromium oxide catalyst at l40°C. All these studies
were carried out in the vapour phase, in contrast to the
liquid phase in the present study. Thus differences in
selectivity might be attributable to a solvent involvement,
223
but this is unlikely as discussed previously.
The other difference between Hirota and Burwe11rs
systems and this work is the presence of a phenyl group
■ ■
on C-3 of the propene moiety. Although Bond and Rank 
say that the structure of the reactant does not affect 
double bond migration (and by inference alkene exchange 
leading to unsymmetrical labelling) this may not be the 
case here. This is because the alkene exchange intermediate
(XIII) cannot lead to double bond migration as can inter­
mediate (XII) in mechanism (C). That is., selective alkene 
exchange would not be expected to correlate with double 
bond migration. More studies along these lines are clearly 
required here.
MECHANISM OF EXCHANGE AT 1-METHYLENE POSITION
10
Allylic and benzylic hydrogens are known to undergo 
exchange under the reaction conditions employed in this 
study. Since the same amount of tritium enters the 1-raethy- 
lene position irrespective of reaction time (Table 8 ) it
Table 8. Effect of reaction time on tritium distribution 
in [^H]dihydroalprenolol prepared with palladium 
catalyst.
%  H distribution in propyl moiety 
Reaction
time (hr) C-l C-2 C-3
1 9-7 27.3 63.0
2 8.5 25-6 65.9
22*1
seems that the fact that this position is allylic is 
more important here than its benzylic nature.
■ ■ 21 '   ' ........
In 1952, Cram observed the racemisation of 3^ -2-phenyl
butane (XV) during the catalytic hydrogenation of JL-3-phenyl
butene (XIV). He found that the resulting product (XV)
Ph
LCH_-CH-CH_-CH_
3 2 3
(XV)
was racemised to the extent of 1-11%. The mechanism for 
racemisation may be similar to allylic hydrogen exchange. 
Cram suggested that double bond migration to the conjugated
2-phenyl-2-butene (XVI) occurred prior to hydrogenation;
Ph
c h 3-c =c h -c h 3 .
(XVI)
subsequent reduction could produce the racemic 2-phenyl— 
butane. However, Huntsman and Schlesinger have reported 
that double bond migration is much slower than hydrogen­
ation in this case and that racemisation failed to occur 
in the absence of hydrogen. They concluded that racemis­
ation of optically active 3-phenyl-1-butene must occur by 
some mechanism other than double bond migration to the 
asymmetric centre.
Ph
LCH3-Cll-CH=CH2
(XIV)
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23Bonner et al. showed that the racemisation did not 
proceed by phenyl migration through a bridged phenyl radical
(XVII). Instead, they suggested a hydrogen transfer
CH -CH-CH-CH
(XVII)
mechanism (Fig. 15) but were unable to prove this * This
Ph
+H I*— CH3-CH-CH-CH3 — >
Ph
4.W I
lii— » CH3-CH^CH2-CH3 (D,L)
Fig. 15- Hydrogen transfer mechanism for racemisation 
during catalytic hydrogenation.
is similar to the phenyl migration mechanism except that 
hydrogen is the migrating species. Thus, the racemisation 
mechanism does not appear to be clearly understood.
Since the vicinal double labelled species 0-CHT-CHT-CH3 
is a product of hydrogenation of alprenolol with tritium 
gas (Table 5), the author concludes that allylic exchange 
(and by inference racemisation) occurs in a process similar
2i
to double bond migration as first suggested by Cram 
Bonner and McKay could not make this distinction because
Ph
I.
CH -CH-CH-CH 
3 2
Ph
I
cV ? - CH2-CH3
they could not obtain vicinal spin coupling information 
from their nmr studies . The mechanism for exchange 
might go through an adsorbed TT-allylic intermediate (XVIII) 
(Fig. l6 ). Such a mechanism would not be expected to
£» 0-CH-CH-CH. +T ) 0-CHT-CH=CH
I I 2
* *
(XVIII)
Fig. 16. Mechanism for allylic hydrogen exchange.
give multiple labelling at C-2 and this is, in fact, the 
case (Table 5)- Alternatively, the other double bond 
migration mechanism mentioned earlier in the Introduction 
is equally feasible.
0-CH -CH=CH 
2 I 2
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Molecules in a spin
Nuclear magnetic resonance spectroscopy is now a standard technique for chemists in their analysis of 
complex compounds
Robert Lenk
is in the 
Department of 
Chemistry at the 
University of Surrey, 
Guildford
In recent years chemists have 
developed an impressive array of 
sophisticated techniques, with 
which they investigate vast num­
bers of chemical compounds. Their 
chief weapons comprise a variety 
of spectroscopic methods: one of 
the most important, particularly for organic chemists, is 
that of nuclear magnetic resonance (NMR) spectroscopy. 
NMR spectra, especially from protons and carbon-13, can 
reveal a great deal about chemical compounds. Chemists 
use the spectra to identify important groups of atoms 
within complex molecules— these are the so-called func­
tional groups, such as — OH, — COOH, — CO eta The 
chemists can then piece these groups together one by one, 
as in a jigsaw, using supplementary clues from the spectra, 
and so determine the structure of unknown compounds.
The technique of NMR depends crucially on the magnetic 
properties of atomic nuclei within the compounds. One 
fundamental property of the nuclei is that of “spin”. Many 
nuclei have some intrinsic angular momentum as if they 
were each spinning about an axis— they have “spin”— and
N
M agnetic field
H
M agnetic field
Figure 1 The spin axis of a nucleus with spin l2 rotates in a 
magnetic field in one of two orientations. The state aligned with 
the field (top) has the lower energy
Figure 2 The carbon-13 spectrum of acetone
O
CH bo oCH,
©
TMS
240 220 200 "l8o""l6o" uo" 120 loo" 80 “T-60 ~A0 20
Chemical shift in ppm
it is these nuclei that can be observed by NMR. A nucleus 
with spin behaves very much like a miniscule bar magnet, 
and when it spins in a magnetic field it experiences a 
twisting force, or torque. This force tends to align the 
nuclear “magnet” with the magnetic field, and causes the 
nucleus to precess— the spin axis itself rotates about the 
field direction (Figure 1)— similar to a top spinning in the 
Earth’s gravitational field. The precessional frequency of 
the nuclear “spinning top” is called the Larmor frequency, 
and depends on both the spin of the nucleus and the 
strength of the magnetic field.
The precessional motion of the nucleus follows the shape 
of a cone and it turns out that the number of ways this cone 
lines up with the external magnetic field is limited, and 
depends on the value of the nuclear spin. For example, for 
the proton and the carbon-13 nucleus— each of which have 
spin of l2 in the appropriate units— there are two possible 
alignments: the nuclei line up either with the external 
magnetic field or against it (Figure 1). The former state of 
alignment has less energy and is the more favourable; as 
a result nuclei prefer to be in this energy state.
But if nudei in the state with lower energy are provided 
with just the right amount of energy they will flip into the 
higher energy configuration. This happens when the 
frequency of the applied energy is the same as the Larmor 
frequency of the nudei under observation. The nudei 
“resonate” as they absorb the energy— hence the term 
nuclear magnetic resonance. With the magnetic fields we 
can obtain today of 1 to 11*7 Tesla— the Earth’s magnetic 
field is some 0*0001 Tesla— radio-frequency (RF) energy 
can induce the flip from one nudear state to the other.
If the process were as simple as I have just described it 
would be useless to chemists, because all nudei of the same 
type, irrespective of their positions within a molecule, 
would resonate at a single frequency and so give no infor­
mation about the structure of the molecule. Fortunately, 
this is not the case, because of the effects of electrons 
surrounding the nudeus.
An electron rirculating around a nucleus is equivalent 
to an electric current and produces a magnetic field oppos­
ing the applied field. As a result, the magnetic field a 
nudeus “sees” is modified by the surrounding electrons—  
they “shield” the nudeus from the external field. This 
shielding causes a shift of the resonant frequency from 
that of an unshielded nudeus of the same type. So nuclei 
in real molecules, being in different “electronic” environ­
ments, resonate at different frequendes. As the arrange­
ment of electrons in a molecule determines its chemical 
properties, these “frequency shifts” are called chemical 
shifts. The carbon-13 NMR spectrum of acetone (Figure 2) 
dearly shows the distinct chemical shifts due to carbon 
atoms in two different environments within the molecule. 
Just over 1 per cent of carbon nuclei are carbon-13; the 
remainder, mainly carbon-12 plus a very small amount of 
the radioactive isotope carbon-14, do not possess spin and 
do not show up in NMR spectra. Chemical shifts are 
measured relative to those in a reference compound, 
usually added to the sample. For proton and carbon-13 
resonances, tetramethylsilane (Si(CH3)i), abbreviated to 
TMS, is the recommended reference.
There exists further structure, or “fine” structure, in 
NMR spectra, originating from the interactions between 
magnetic nuclei. This phenomenon, known as spin-spin 
splitting arises because the magnetic field a nudeus ex­
periences is influenced by the neighbouring nudei. The
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effect is to split the single resonance line into several, 
forming a multiplet. The separation of the multiplet lines 
is called the coupling constant and is independent of the 
strength of the applied magnetic field.
The amount of splitting in a multiplet depends on the 
number of chemically identical protons— ones with the 
same configurations of electrons as each other— that are 
close to the proton producing the multiplet. For example, 
one group of methyl protons in ethyl acetate (Figure 3) 
is next to two identical methylene protons and consequently 
shows up as a triplet in the NMR spectrum— the spacing 
between each member of the triplet being equal to the 
coupling constant. Similarly, the methylene protons being 
next to three methyl protons produce a quartet, with the 
same line separation. The single line in Figure 4 is due 
to the methyl group that has no neighbouring protons.
From what I have said so far, we can see than an NMR 
spectrum is a kind of “molecular fingerprint”, and careful 
analysis of the spectrum of an unknown compound can 
provide detailed information of its molecular framework. 
But first a chemist must measure the spectrum and to do 
this he uses a nuclear magnetic resonance (NMR) spectro­
meter, which consists of a magnet, a radio-frequency (RF) 
source and a detector.
The sample, usually liquid or gas— solids require special 
instrumentation— sits in a tube between the poles of the 
magnet. Spinning the tube makes the magnetic field seen 
by the sample appear more homogeneous than otherwise. 
In fact, for high resolution spectra— that is with sharp, 
clean spectral lines as opposed to wide, fuzzy ones— both 
the RF source and the magnetic field must be as homo­
geneous as possible, at least to one part in a thousand 
million (109). This is because the NMR signals are weak—  
at room temperature there is an excess of only 1 in 100 000 
nuclei in the lower energy level, and it is only these nuclei 
that can make the transition to the higher level.
Permanent magnets or electromagnets used in NMR 
spectrometers give fields up to 2-3 Tesla, and for proton 
resonance studies, spectrometers operating at resonance 
frequencies up to 100 MHz are commercially available. 
More powerful superconducting electromagnets can go up 
to 11*8 Tesla and provide greater resolution; the corres­
ponding proton resonance frequency is 500 MHz.
In the so-called continuous wave spectrometers, either 
the frequency or, in older instruments, the magnetic field, 
is varied to search for the resonant spikes. There are many 
ways of detecting the resonance frequency; in one method 
a drop in the RF power, corresponding to absorption by
Tritium nuclear magnetic resonance spectroscopy
Over the past 11 years, members of the 
chemistry department at the University 
of Surrey have collaborated with the 
Radiochemical Centre at Amersham in 
developing the technique of tritium NMR 
spectroscopy. Tritium, a radioactive iso­
tope of hydrogen, has found widespread 
use in medicine and in industry as a 
radioactive “label”. Labelling involves 
attaching tritium atoms to a chemical 
compound or replacing some atoms by 
tritium atoms. The radioactive emissions 
of the tritium then reveal the location 
of the labelled compound on its way 
through a human body, for example.
In many cases it is important to know 
which site the tritium label occupies 
within a chemical compound. This can 
be discovered by chemical degradation 
—a process which breaks up the com­
pound to reveal the labelling pattern. 
But this technique is time consuming and 
not always unambiguous; many side 
reactions can occur during the analysis. 
Tritium NMR spectroscopy, on the other 
hand, is non-destructive and reveals the 
labelled molecular sites immediately. 
Furthermore, tritium is the most sensi­
tive nucleus available for NMR studies, 
which means that very small amounts 
can be detected. This is important for
Figure A Tritium NMR (upper 
curve, right) and proton NMR of 
the drug vinblastine. Its chemical 
structure is shown below
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safety, as tritium is radio-active.
Tritium resonance frequencies are 
very close to the corresponding proton 
frequencies—the tritium Larmor fre­
quency is 1-06663974 times that of the 
proton. Thus the wealth of knowledge of 
proton chemical shifts can be applied 
directly to tritium spectra—comparing 
proton and tritium spectra for the same 
chemical shows which sites the tritium 
atoms have attached themselves to. 
Moreover, the relative intensity of the 
tritium spikes in the spectra show the 
way in which the tritium is distributed. 
The drug vinblastine provides a good 
example of the use of NMR to locate 
tritium labels. This drug, which is used 
in cancer therapy, is unstable and so 
cannot survive in vigorous experimental 
conditions. Its tritium NMR spectrum 
compared against a proton spectrum 
shows that the tritium takes the place 
of the hydrogen at certain locations 
within benzene rings in the compound. 
Figure A below shows that 44 per cent 
of the tritium takes up the so-called 17- 
position, 46 per cent the 12'- and 13'- 
positions and the remaining 10 per cent 
is distributed between the 11'- and 14'- 
positions. The molecular complexity, 
difficult chemistry and very high cost
COjCHj CH.O.C
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vinblastine would have made it almost 
impossible to determine this labelling 
pattern quantitatively by conventional 
chemical means.
But a certain degree of unintentional, 
or non-specific, labelling can occur during 
the labelling process. Figure B shows 
the spectrum of a sample of folic acid, 
tritiated in a process in which the tritium 
replaces bromine atoms within the acid. 
The spectrum reveals that the add takes 
up tritium not only at the desired 3'- 
and 5'-positions, but that appredable 
amounts, 25-5 per cent and 32 per cent 
respectively, go to the 7- and 9-positions.
Although tritium NMR spectroscopy 
is primarily used to establish labelling 
patterns, it has many other uses. These 
include the determination of the so- 
called geminal coupling constants—the 
coupling between protons around the 
same carbon atom, as in the group CH3, 
for example; the elucidation of compli­
cated proton spectra in which neighbour­
ing multiplets overlap; the unravelling 
of mechanisms for biosynthesis and 
studies of catalysis. Tritium is particu­
larly useful in these studies because ex­
changing it for hydrogen does not 
change the chemical properties of a 
compound. □
Figure B Tritium spectrum of folic acid
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resonating nudei, is sensed by a bridging circuit, similar 
to a Wheatstone bridge. The resulting signal in the bridge 
is then amplified and displayed on a chart recorder.
Under proper operating conditions nudei of the same 
type absorb the same amount of energy and so the relative 
strengths of the NMR signals reflect the number of nuclei 
producing them. Integration equipment that determines 
the area under each peak or multiplet is therefore a 
standard fitment on all NMR spectrometers. Integration of 
the proton NMR spectrum of ethyl acetate (Figure 3) shows 
that the singlet and the triplet are each due to three 
protons, while two protons give rise to the quartet.
As I mentioned earlier, sensitivity can be a problem in 
NMR experiments, but the development of Fourier trans­
form  (FT) spectrometers has largely overcome this. Fourier 
transform spectrometers differ from more traditional in­
struments in that they observe the decays of extited nudei 
as they return to the lower energy state after being ener­
gised by a radio-frequency pulse. This process, known as 
relaxation, is relatively slow, so the time the nudei spend 
in the higher energy spin state is relatively long—for 
protons it is a few seconds. As the higher spin energy dissi­
pates it gives rise to a signal which is detected by a receiver. 
This signal, the free induction decay (FID) contains all the 
information about intensity, line shape, chemical shift and 
splitting of the spectrum. The signal from protons in ethyl 
acetate is shown in Figure 4. The mathematical process of 
Fourier transformation converts this signal into the more 
familiar spectrum (Figure 3).
In between the RF pulses, each of which irradiates all 
the frequendes in a spectrum equally and simultaneously, 
the receiver is switched on to detect the decay signal from 
the extited nudei. A number of decay signals are acquired,
Figure 3 The 
proton NMR 
spectrum of ethyl 
acetate illustrates 
the line splitting 
that occurs when a 
nucleus is influenced1-------1------
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Figure 4 The proton free induction decay signal from ethyl 
acetate contains all the information to produce a spectrum
added together and stored in digital form by a computer. 
The sensitivity depends on the total number of FIDs accu­
mulated. In this way random background “noise” is can­
celled out while weak signals, originally indistinguishable 
from noise, are amplified.
It is, perhaps, a fortunate twist of nature, at least for 
organic chemists, that the most common isotopes of carbon 
and oxygen, carbon-12 and oxygen-16, do not have a nuclear 
spin. If they did, the task of interpreting proton spectra 
would be almost impossible for all but the simplest 
molecules because of the endless variety of possible inter­
actions between different types of nuclei. Carbon-13, which 
does have spin, is present at a 1 per cent level only, and 
therefore does not interfere significantly with a proton 
spectrum. But a carbon-13 spectrum can be complicated by 
proton interactions and in many cases this proton inter­
ference must be removed.
This can be done by irradiating the sample at proton 
frequencies at the same time that the carbon-13 spectrum 
is obtained. This induces a very rapid transition between 
the upper and lower proton energy levels, so that the 
carbon-13 nucleus “sees” only an average orientation of 
the proton magnetic moments. When this occurs, spin-spin 
coupling between the different types of nuclei is lost and 
a single line appears for the carbon-13 resonance. Coupling 
between carbon-13 nuclei is not normally a problem, so 
each carbon atom in a molecule gives rise to a single line 
in the carbon-13 spectrum (Figure 2).
I have given only a brief idea of how chemists use NMR 
spectroscopy to analyse chemical compounds. The technique 
has many other applications, such as in tritium NMR (see 
Box). There is no doubt that future developments will open 
even more areas of research, and that chemists will be well 
equipped to tackle any new problems. O
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